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AN ANALYSIS OF THE EFFECTS OF FUEL DISTRIBUTION 
ON ENGINE PERFORMANCE 


By Donald B. Brooks 


ABSTRACT 


From an empirical equation, based on single-cylinder-engine test data and 
relating engine power to fuel consumption, engine-performance curves are derived 
analytically for typical examples of poor mixture distribution. Investigation of 
the resulting information shows that the minimum specific fuel consumption is a 
satisfactory criterion of distribution quality. A method is developed for ascer- 
taining the attainable improvement over a given distribution. 
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I. OBJECTIVE OF ANALYSIS 


The effects of imperfect fuel distribution on engine performance 
vere well known to automotive engineers a generation ago, when the 
increasing demand for gasoline was overtaxing the simpler refining 
processes then available and making it necessary to include components 
ofrelatively low volatility in motor fuel. With the advent of cracking 
processes, gasoline has since become a more satisfactory fuel, and 
manifolding an engine is no longer as much of a problem as it was. 
Recent work [1, 2] ' at this Bureau on substitute motor fuels, carried 
on at the request of and sponsored by the Foreign Economic Adminis- 
ration, showed that certain substitute fuels were distributed very 
poorly in manifolds designed for use with gasoline. With 190-proof 
ilcohol, for example, distribution was so bad that it would seem eco- 
umical to redesign the manifold for use with alcohol, if any con- 
‘iderable number of engines of one type were to be operated on this 
fuel regularly. 

As such a redesign would probably involve some compromise, be- 
ause of the variable composition of substitute fuels, it seemed desir- 
ible to reexamine the effect of fuel distribution on performance. 
Sparrow, in “The Arithmetic of Distribution” [3], presented a graphical 


Cf 
Figures in brackets refer to literature references at the end of this paper. 


425 











426 Journal of Research of the National Bureau of Standards 


analysis of specific manifold deficiencies on power and specific fy 
consumption. In the present work, an analytical method has bee) 
used, as it is more flexible and better adapted for determining certgjy 
other relations, such as the fuel-flow rates at which minimum specific 
fuel consumption and maximum power occur. 


II. DERIVATION OF FORMULAS 


The computations of this analysis are based on data obtained jp 
single-cylinder-engine tests of various fuels [1], involving some 8 
measurements of engine power. These data are shown in figure | 
A smooth curve was faired through these data, plotted as percentag 
of maximum power against percentage of fuel consumption at peak 
power. Tangents to this curve were obtained graphically, and wer 
plotted, figure 2. A formula was then sought to fit the data shown iy 
figure 2. This method of obtaining a formula fitting the derivative, 
then integrating to get the desired function, has often: been found more 
successful than the direct approach. 

After several attempts, the data were fitted, as shown by the solid 
curve in figure 2, by the formula 


dy. 132900 _ 210819 
2 zr 





+25.651—0.07012z, (1 


where 
y=power, percentage of maximum 
z=fuel consumption, percentage of that at maximum power, 
Upon integration and substitution of the peak coordinates to evalu- 
ate the constant of integration, this becomes 
132300 


y= ———— —7338.108 log z-+13884.716+25.6512—0.035062". 





This equation, which is plotted in figure 1, gives the relation of power 
to fuel consumption for the single-cylinder engine, and by extension, 
for a similar multicylinder engine having givlies distribution at al! 
mixture ratios. 

In applying eq 2 to cases of multicylinder engines with imperfect 
distribution, z and y have the significances indicated above, with the 
addendum “for perfect distribution” to the definition of each. ln 
addition, X, with an appropriate subscript, is defined as the ratio of 
the fuel delivered to a given cylinder to the average fuel delivered 
per cylinder. The equation for an engine of ‘‘n” cylinders, having the 
distribution represented by X,, X2, ... X, is then obtained by 
replacing the “z’’ of eq 2 with 


221f), 


where {(X) is of the same degree in X as the term in eq 2 for which 
it is being substituted is in z. Thus in the first term of eq 2, 75 
replaced by 

zr (®). 
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FiaurE 1.—Single-cylinder-engine test data on which analysis was based. 


The curve represents the equation that was fitted to these data. Coordinates were chosen so that a maxi- 
mum power of 100 was reached at a fuel flow of 100. 
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Figure 2.—Tangents of power curve shown in figure 1. 


The circles show the tangent values derived graphically from the data of figure 1; the curve represents the 
equation which was fitted to these tangents. 
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To illustrate the development of a‘formula for a’specific case, assy, MM\ittle ’ 
that in a six-cylinder engine, the first cylinder receives 80 percep: MMM ngin 
and the sixth cylinder 120 percent of the average amount of fud The 
supplied per cylinder, all other cylinders receiving the mean amoun: Meibut 
or 100 percent. The development of the terms replacing z in eq 2 js MM ions 
shown in tabular form: 








Cylinder No. xX 1/X log X Xx? 

1 0.8 1. 25 — 0, 0969100 0. 64 

2 1.0 1, 00 0000000 1. 00 

3 10 1 00 " 0000000 1: 00 

4 10 1. 00 " 9000000 1. 00 

5 0 1) 00 * 0000000 1. 00 

6 12 0. 833 "0791812 1. 44 
2iJ(X) 1.0 1. 01388 0. 0029548 1. 0133 

6 . . = . — vr 


Substituting in eq 2, for the engine in question, the performance 

equation is 

_134137.5 
z 


— (7338.108 log z—21.683) + 
13884.716+25.6512—0.035527462? 


The two constant terms, shown separately in eq 3 to indicate their 
derivations, are combined in using the equation. 

Points of especial interest in the performance curve of an engine 
are the locations of the maximum power and the minimum specific 
fuel consumption. The first of these is found by differentiating eq 3 
and setting the derivative equal to zero: 


dy _134137.5 3186. 
de 2 z 


The specific fuel consumption is equal to z/y, hence the minimum 

point is located by differentiating this expression and setting the 

derivative equal to zero: 
268275 


qup sen ete 9 me | 
d(x/y) _ P= 7338.108 log z+ 17093.299 +-0.035527462 
& 





2 4-25.65 —0.07105492z=0. 4 





¥ 
As the denominator, y’, of eq 5 is finite, only the numerator need be 
set equal to zero in evaluating the equation. Both eq 4 and eq 5 can 
readily be solved graphically, as the approximate value of z will be 
apparent from tabular values of y and z/y obtained from eq 3. 
Equations similar to eq 3 to 5 can be derived from eq 2 for aly 
desired mixture distribution, X, as described above. A series 0 
such equations was derived for representative types of maldistribu- 
tion, and performance curves and other data of interest were 
computed. 


III. STUDY OF DIFFERENT TYPES OF 
MALDISTRIBUTION 


All computations were based on use of a six-cylinder engine. = 
putations for an eight-cylinder engine would be more lengthy, 
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jttle increase in information yielded, whereas those for a four-cylinder 
agine would not give as many aspects of the problem as desired. 

The first series of computations was made for a set of assumed dis- 
tributions all having the same variance. Specifically, the distribu- 
ions were So arranged that 


>i(1— X)?=0.08. (6) 


it will be noted that this is the case in the example given in the 
development of eq 3. In the seven cases for which computations 
were made, it was assumed that the total variance arose from: (1) one 
cylinder rich, (2) one cylinder lean, (3) two cylinders equally rich, 

}) one cylinder rich and one equally lean, (5) two aioe sr equally 
lan, (6) two cylinders rich and two equally lean, and, (7) three 
winders rich and three equally lean. The calculated performances 
onder each of these conditions, and also for perfect distribution 
case 0) are shown in table 1. In subsequent use the above types of 
listribution are identified a the number in parenthesis to which is 
appended the variance; the first case thus is 1.08. 

Line s 2 and 3 of table 1 list the number of cylinders receiving richer 
uid leaner mixtures than would be the case if perfect distribution 
prevailed. The number of cylinders not covered in lines 2 and 3 
are assumed to receive the same mixture as with perfect distribution. 
The relative fuel flows to the rich and the lean cylinders are given in 
lines 4 and 5, the flow for perfect distribution being taken as unity. 


TABLE 1.—Ef ‘Feet of distribution on performance 





































Case number (variance of 0.08)...| 0 1. 08 2.08 | 3.08 4.08 5. 08 6. 08 7. 08 
2. Number of cylinders rich... --- 0 Pry 5 | 2 1 4 2 
Number of + nccepeaal © | 5 1 4 1 2 2 3 
i Relative fuel to each cylinder, | | 
ch | .-| 1.258 1. 052 1.163 | 1.200 1. 082 1. 141 1,115 
Relative fuel to each cylinder, R 
an... waae 0. 948 0.742 | 0.918 | 0.800 0. 837 0. 859 0. 885 
Maximum power. .......... |100. 00 99.44 | 98.13 | 99.23 | 98.86 | 98.76 | 99.00 99. 04 
. Fuel flow for maximum power. ../100.0 103.1 | 108.5 /104.2 105. 4 106.2 105.2 105. 1 
‘. Specific fuel consumption at max- | 
I 0. ccuthinndiinnind teal } 1,000 1, 037 1. 105 1. 050 1, 066 1, 075 1. 062 1, 061 
’, Minimum of curve of specific fuel | 
consumption®.__._- : 0. 851 0.879 | (0.917); 0.886 | (0. 896)) (0.900)) (0. 893) 0. 892 
= um specific fuel consump- | | 
on in firing ramge...........-. . 851 . 879 . 978 . 886 . 923 . 906 . 895 . 892 
ll, Fuel flow at minimum of specific | 
fuel consumption curve. .......| 77.0 79.0 80. 7 79.3 79.7 80.0 79. 6 79.6 
12, Firing range, minimum fuel flow.| 70.0 73.8 | 04.4 76. 2 87.5 83.7 81.5 79. 1 
4. Firing range, maximum fuel flow.|160.0 [127.2 /152.1 137.5 {133.3 [147.9 {140.2 143. 4 
M. Piring-range ratio.............-..| 2 72 | Ler | 180 | 162 | L777 | Lz] Le 
| | ! | | 








*Parentheses indicate value lies outside firing range. 


Lines 6 and 7 of table 1 give the maximum power developed, and 
te fuel consumption at which it occurs. Line 8 gives the specific fuel 
mabe es at maximum power. Line 9 gives the minimum of the 
curve of specific fuel consumption. With some cases of maldistribu- 
tion, e. g., case 2.08, this minimum would occur below the fuel flow 
at which all cylinders will fire. (The firing range is considered, from 
the single-cylinder-engine test data, to lie between fuel flows of 70 and 
\60, for perfect distribution). Line 10 gives the minimum specific fuel 
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consumption attained when the leanest cylinder is on the lean bon). 
ary of the firing range. Line 11 gives the fuel flow at the minimy, 
of the curve of specific fuel consumption. The boundary fuel floy; 
for regular firing are given in lines 12 and 13. In line 14 is given thp 
ratio of fuel flow at the rich boundary to that at the lean boundary 
of the firing range. These boundaries are, of course, determined }y 
the fuel flow to the engine when the leanest cylinder is receiving , 
relative fuel flow of 70 and when the richest receives 160. powe 
It is apparent from table 1 that distributions having the same yar fow | 
ance can differ greatly in their effect on performance. Thus the power ment 
those 
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FUEL FLOW 
Figure 3.— Performance curves for selected distributions. 


Case 0 is for perfect distribution, case 1.08 is for one cylinder rich, and case 2.08 is for one cylinder lea 
The term .08 on the case number indicates the total variance of the distribution, defined by eq 6 


loss for case 2.08!is over three timesjthat for case}1.08, and the detertw- 
ration of minimum specific fuel consumption is over four times as 
great as for case 1.08. The type of the distribution is of as much 
umportance as the total variance. For a given variance, the worst 
type is that in which one cylinder is leaner than the remaining cylinders. 

he power and the specific fuel consumption curves for cases 0, 
1.08, and 2.08 are shown in figure 3. The loss of power is greater, 
and the increase in minimum fuel consumption is much greater in cast 
2.08 (one cylinder lean) than in case 1.08 (one cylinder rich), as com- 
pared with perfect distribution. The crosses im figure 3 mark the 
maxima of the power curves and the minima of the specific fuel con 
sumption curves. As shown in figure 3, and also by line 8 of table), 
if the carburetor were set to give maximum power, the specific fue 
consumption for case 2.08 would be more than 10 percent greater than 
with perfect distribution, whereas for case 1.08, it would be not quit 
4 percent greater. 
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g 


Cases 3.08 and 5.08 are similar to cases 1.08 and 2.08, respectively, 
byt with much less departure from ideal performance. Case 4.08 (one 
eylinder rich, one lean) is intermediate between cases 1.08 and 2.08, 
ghereas cases 6.08 and 7.08 are similar to case 4.08, but with less 
marked departures from the ideal. 

ned bya In figure 3, all of the performance curves are plotted against the 
iving yf same fuel flow and power scales, these being chosen so that a maximum 
power of 100 is obtained with perfect distribution (case 0) at a fuel- 
fow rate of 100. On this figure, it is easy to recognize an improve- 
ment in distribution by the approach of the performance curves to 
those of the ideal case. In actual practice, however, the power and 
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Fiacure 4.— Power curves for selected distributions. 


The coordinates used are percentages of the values giving maximum power for each distribution. 


terio- Mm fuel-flow rates for perfect distribution are not ordinarily known. 
es as Maximum power, and the rate of fuel flow at which it occurs, vary 
much @@™ With atmospheric conditions [4, 5], and with other factors. Because 
worst fm Of this, it is not determinable with sufficient accuracy to serve as a 
ders. Mi comparative basis for determining improvement in distribution. 
es (, Mi furthermore, if the power curve for each distribution is plotted on 
ater, MM scales such that its maximum power is 100 and occurs at a fuel-flow 
case #H tte of 100, the curves for the different distributions having equal 
com- i Variance are nearly indistinguishable except for range, as ny seen 
; the HJ 2 figures 4 and 5. The curves in figure 5 for cases 4.08, 6.08, and 
con @™ ‘.08 are also practically identical with the curves for cases 1.08, 2.08 
le 1} 3.08, and 5.08 in figure 4. Thus changes in distribution are not 
fuel HE &ccompanied by discernible changes in the shape of the power curve. 
than MM ln actual testing, the information obtained would suffice to plot 
jute Mi Curves such as figures 4 and 5, but not figure 3. 


689974462 
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Figure 5.— Power curves for selected distributions. 


f The coordinates used are percentages of the values giving maximum power for each distribution 
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Figure 6.—Specific fuel consumption curves for selected distributions sum 
The abscissa scale of this figure is the same as that used in figures 4 and 5. 
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Ficure 7.—Specific fuel consumption curves for selected distributions. 



























The abscissa scale of this figure is the same as that used in figures 4 and 5. 


The specific fuel-consumption curves, plotted in figures 6 and 7 
against fuel flow in percent of that giving maximum power, would 
appear to distinguish readily between good and bad distributions. 
To determine whether this is generally true, information on other 
distributions is required. 


IV. STUDY OF DIFFERENT DEGREES OF MALDISTRI- 
BUTION 


For the maldistribution considered thus far, different types having 
equal variance have been studied. The poorest of these types, case 
2, in which one cylinder was leaner than the rest, was chosen as the 
subject for a series of computations to determine the effect of variance 
of the distribution on performance factors. In addition to the vari- 
ance of 0.08, used in case 2.08, values of 0.02, 0.04, 0.06, and 0.16 
were used. The results of these computations are given in table 2. 
All performance factors of interest are seen to deteriorate at a some- 
what accelerated rate with increase of variance. This is more readily 
noted from figure 8, in which maximum power, the specific fuel con- 
sumption at maximum power, and the minimum specific fuel con- 
sumption are plotted against variance. 
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Ficure 8.—Effect of variance of distribution on engine performance. 


Lower curve is minimum specific fuel ee Middle curve is qqenite fuel consumption at maxi 


mum power. Variance is defined by eq 6. 
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Ficure 9.—Power curves for three distributions of equal and high variance 
Best nateidiaial results when the variance arises from one cylinder being rich (case 1.16); the poorest 


when one cylinder is lean (case 2.16). One cylinder rich and one equally lean (case 4.16) gives intermecs 


performance. 
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TABLE 2.—Effect of variance of distribution on performance 


{One cylinder lean, remainder rich] 


























imber , : 0 202 | 2.04 2.06 | 208 | 2.16 
Variance * . 00 0.02 | 0. 04 0.06 | 0. 08 0. 16 
; Relative fuel to lean cylinder 1. 000 . 871 | 817 . 776 | . 742 | . 635 
j, Relative f fuel to each rich = ider 1. 000 1. 026 1. 037 1.045 | 1. 052 1. 073 
Maximum power. puedes 100. 00 99. 64 99. 18 98. 68 98. 13 95. 74 
ie] fow for maximum power 100.0 | 101.6 | 103.6 105. 9 108. 5 120.2 
ecific fuel consumption at maximum | 
aa : 1.000 | 1. 020 1. 045 | 1. 073 | 1. 105 1. 256 
n of curve of specific fuel con- 
b Fa 0. 851 (0.864)}  (0.879)} (0.897)} (0.917)! (1.018) 
1m specific fuel consumption in i 
g range - 851 . 867 - 899 | . 937 . 978 1. 159 
l flo w at minimum of spe cific fuel 
mption curve......... 77.0 77.8 78.6 79.6 80.7 87.1 
| 
Minimum fuel flow to fire... 70.0 | 80. 4 85.6 | 9.2 94.4 110.3 
» Maximum fuel flow to fire...._. ; 160.0 | 156.0 154.4 153.2 | 152.1 149. 1 
Firing-range ratio aakancete 2. 29 | 1.4 1. 80 | 70 | 1.61 1.35 
> Parentheses indicate value lies outside firing range. 


Computations were made for a total variance of 0.16 for two other 
types of distribution: case 1, in which one cylinder is richer than the 
rst; and case 4, in which one cylinder is leaner and another cylinder 
is equally richer than the rest. With so high a variance, the power 
curves, figure 9, are sharply differentiated and show clearly the 
differences in behavior accompanying these different types of dis- 
tribution. 

In endeavoring to select a criterion for the practical “estimation of 
distribution quality and for the detection of changes therein, a num- 
ber of factors were investigated. These included ratio of fuel flow 
t lean misfire to flow for maximum power, ratio of powers at these 
fuel flows, and product of the ratios of power at lean and at rich mis- 
fire to maximum power. Maximum power, specific fuel consumption 
t maximum power, and minimum specific fuel consumption for the 
various distributions were plotted against each of these factors. 
None of these, however, gave as good a correlation as was obtained 
by plotting the first two of the variables against minimum specific 
fuel consumption, figure 10. The latter value, directly determinable 
by test, is either the minimum of the specific fuel consumption curve, 
if this is reached, or the value reached at lean misfire, if the minimum 
has not then been attained. 

It can be seen from figure 10 that maximum power and its attendant 
specific fuel consumption are well correlated with the value of mini- 
mum specific fuel consumption. This readily observable variable 
thus is shown to be a satisfactory index of distribution quality. 

Furthermore, a 1- -percent change in maximum power is evidenced by 
a 5-percent change in minimum specific fuel consumption, showing 
that the latter is a good criterion for the former. 
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MINIMUM SPECIFIC FUEL CONSUMPTION 
Ficure 10.—Correlation of maximum power and specific fuel consumption al 
maximum power with minimum specific fuel consumplion, 
Minimum specific fuel consumption is seen to be a good criterion of distribution. Circles indicate cases | 
to 7 with a variance of 0.08; triangles, cases 1.16 and 4.16; crosses, case 2 with variance of 0.00 to 0.16 
¢ 
V. ESTIMATION OF IMPROVEMENT ATTAINABLE 
It has been shown in the foregoing sections that a change in dis- The 
tribution that improves engine performance in general is accompanied @ *Y °Y' 
by an improvement in minimum specific fuel consumption. In 
weighing the advisability of further effort toward manifold improve- 
ment, it is desirable to know how much additional improvement is 
attainable in a given case. This can be determined by the methods 
given earlier, provided the actual distribution is measured by any @ From 
appropriate means. occurs 
In the research on substitute fuels, a six-cylinder engine was oper- The 
ated on 190-proof alcohol, under normal operating conditions. The Mj will m 
mixture distribution was determined by the use of thermocouple HM fuel fi 
spark plugs, as described by Rabezzana and Kalmar [6]. The a, 9 equ: 
tive amount of fuel reaching each cylinder is shown by the value of J crea: 


X in the subsequent tabulation. 
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To determine the improvement in performance that might be ex- 
nected with optimum manifolding, values of 


rif(X) 
6 
are first determined as follows: 
Cylin- 

der No. X 1/X log X X3 
l 0.764 1.3089 —0.11691 0.5837 
2 1.094 0.9141 + .03902 1.1968 
3 1.069 .9355 + .02898 1.1428 
4 1.046 .9560 + .01953 1.0941 
5 1.214 .8237 + .08422 1.4738 
6 0.813 1.2300 — .08991 0.6610 

Ds (X) : 
a 1.000 1.0280 — .005845 1.0254 


6 


The performance equation is then formed, as in the example given 
earlier by the substitution of 


Duif(X) 
| eee 
6 
for z in eq 2 
) 
y= — SOE * — (7338,108 log z—42.891) + 
13884.716+ 25.651lz—0.035950z". (7) 


The derivatives of the performance equation and of the specific fuel 
consumption equation are also formed: 


dy [dz = "20074 5 _ S186. +-25.651—0.0719002 (8) 


979 
—272008.8 __ 7338 108 log z+ 17114.51+0.035950z" 
d(z/y) at IS BIO ay" on eee Oe ee ee (9) 


dx r y 


dis- @ Lhe fuel consumption at which maximum power occurs is obtained 
nied @ OY evaluating eq 8 at a series of values of z in the probable range: 

In Zz dy/dz 
‘ove- 109 +0. 023 


nt is 110 +. 010 
hods 111 —. 002 


any @ from this tabulation, it is seen that the maximum power (dy/dz=0) 
oecurs at z=110.8. 

per- The leanest cylinder, no. 1, has a relative fuel flow of 0.764. It 
lhe @ will misfire when the actual fuel flow to it reaches 70, or at an engine 
juple HM fuel flow of 70/.764 or 91.6. At this value of z, the numerator of eq 
rel- #9 equals +49.99, indicating that the specific fuel consumption is 
1e 0! MM wereasing with fuel flow at this point. The minimum specific fuel 
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consumption therefore occurs at z=91.6, the point of lean migfiy, 
Had eq 9 yielded a negative value, the point of minimum specific fy.) 
consumption would be at a higher value of z, and would be found }, 
the substitution of successive values of z, as was done above in the cas 
of eq8. The (interpolated) value of z causing eq 9 to equal zero woul; 
then be the fuel flow for minimum specific fuel consumption. 

The values of z at which minimum specific fuel consumption an; 
maximum power are attained, are next substituted in eq 7, to obtain 
the power at these values. From these results, the specific fy) 
consumptions at these points are computed. These values, in com. 
parison with those for perfect distribution (case 0), were: 




















en om Maximum power 
Example | Case 0 | Example Case 0 
ee ee 91. 6 77. 0 110. 8 100. 0 
iF SE: a- ch ey sscire deesinsen at aeee ei tee 94. 2 90. 5 97. 8 100. 0 
z/y (specific fuel consumption) --_- 0. 972 0. 851 1. 132 1. 000 





In the example in question, therefore, optimum manifolding would 
result in 2-percent gain in maximum power, and in over 10-percent 
gain in fuel economy. 


VI. FACTORS NOT CONSIDERED#JINFANALYSIS 


It will be noted that the matter of spark advance has not been 
mentioned thus far. In the single-cylinder-engine tests on which this 
analysis is based the spark advance was optimum at each mixture 
ratio employed. This condition cannot be duplicated in a multi- 
cylinder engine, except in the case of perfect distribution. The differ- 
ent fuel-air mixtures reaching the several cylinders would require 
different spark advances for optimum performance. A study of this 
matter indicates, however, that the departure from the curves given 
herein will be inappreciable, except at very lean or very rich mixtures 
If a fixed spark advance is used in multicylinder operation, as is cus 
tomary, the power curves will be shortened and will be lower at lean 
and at rich mixtures than those shown herein. 

It has also been tacitly assumed in this analysis that the variance 
of a distribution is the same at all mixture ratios. Actually, this i 
not the case. Vaporized fuel is distributed fairly evenly to all cylin- 
ders. The variance of a distribution arises almost entirely from 
maldistribution of liquid fuel. At richer mixture ratios, an increasing 
percentage of the fuel remains unvaporized. Hence the variance 0! 
distribution, for a given engine and fuel, tends to increase at richer 
mixture ratios. If the variance of distribution as discussed herein be 
assumed to apply at the lean end of the power curve, the effect of this 
factor can be roughly approximated by rotating the power cur 
clockwise about the lean end. Neither this effect nor that of depar- 
ture of spark advance from optimum for the individual cylinders wil 
invalidate the correlation shown in figure 10. 
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VII. CONCLUSIONS 


nisfire 


ic fue The effects on engine performance of typical cases of maldistribution 
me | of the fuel-air mixture have been evaluated analytically from single- 
. cas cylinder-engine test data. It has been shown that minimum specific 
VOW 


fuel consumption is a good index of distribution, improvement in this 
variable generally being accompanied by improvement in the other 


. “LCE onvine-performance variables of interest. A method has been devel- 
; 7 oped for ascertaining the attainable improvement over a given dis- 


tribution. 
1 COI- 
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EFFECTS OF MILDEW ON VEGETABLE-TANNED STRAP 
LEATHER 


By Joseph R. Kanagy, Arbelia M. Charles, Edward Abrams, and Rees F. Tener 


ABSTRACT 


Samples of vegetable-tanned strap leather were exposed to conditions favorable 
for mildew growth in a tropical room at Fort Belvoir, Va., and in soil burial beds 
and in a humidity cabinet at the National Bureau of Standards. Mildew under 
these conditions varied from moderate to very heavy growth. 

Physical tests showed that the growth of mildew on leather increased its stiff- 
ness, caused @ loss in tensile strength, decreased stretch at the breaking point, and 
weakened the grain surface. Chemical tests revealed a loss of grease, water 
wubles, glucose, tannins, and nontannins, 

No appreciable deterioration of the hide substance was indicated by the tests. 
The change in physical properties appeared to be due to the mildew activity 
mpairing principally the outer surface of the leather. 

The molds in assimilating the grease bring about decomposition (decarboxyla- 
tion) of the fatty acids. This is shown by a decrease in the saponification number. 

Samples of leather containing a fungicidal oil having as active ingredients a 
nixture of paranitrophenol and pentachlorophenol in equal proportions and aged 

jer the same conditions as the untreated leathers showed no evidence of mildew 
after 12 weeks. 


CONTENTS 
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I. INTRODUCTION 


Mildew wth on leather is a very common occurrence in th: 
tropics, and accordingly the war in the South Pacific has created q, 
unusual interest in this subject. Several fungicidal formulas for th» 
prevention of the growth a mildew on leather have been develope 
by the National Bureau of Standards at the request of the Office oj 
the Quartermaster General. This work has suggested a study of the 
actual damaging effects of these microorganisms on the leather other 
than those of changes in appearance and psychological effects on th» 
observer. 

A survey of the literature’ disclosed studies of the stains produced 
on hides and leathers and a number of observations on the growth of 
mildew on leather-making materials. No data to show the effects of 
mildew on the physical and chemical properties of leather were found 

This report gives the results of an investigation on the effect o! 
mildew on the physical and chemical properties of vegetable-tanned 
strap leather. The study was made on leathers exposed under con- 
trolled conditions varying from mild to severe, when judged on the 
basis of the rate of past of mildew. 


II. EXPERIMENTAL PROCEDURE 
1. SELECTION AND SAMPLING OF THE LEATHERS 


Seven vegetable-tanned strap-leather backs were selected for this 
work. Six of these were used for experiments in soil burial and in the 
tropical storage room. The other back was used to ascertain results 
in the humidity cabinet. 





CONDITIONS OF TEST 
LEATHER UNTREATED-SOIL BURIAL 
LEATHER UNTREATED- TROPICAL ROOM 
OIL ONLY —SOIL BURIAL 


fei 


Zin OIL ONLY —TROPICAL ROOM 


GE OCOOIL- FUNGICIDE — SOIL BURIAL 
(_] OIL-FUNGICIDE— TROPICAL ROOM 
Ficure 1.—Method of sampling anned strap-leather backs for (esis " 
soil burial and tropical room. 


Numbers 7 to 10, inclusive, and 18 to 20, inclusive, are omitted. 


_ 'J. Int. Soc. Leather Trades Chem. 8, 274 and 355 (1925); 1934); 19, 153 (1935). 
J. Am Leather Chem. Assn. 24, 657 (1929). nos MA, BC . : ' 
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Fieurr 2.—Method of cutting the pieces from the leather samples for the tests. 


A, Large sample; B, smal] sample; C’,, reserve specimen; D, piece exposed to mildew-growing conditions and 
from which specimens for tensile strength and stretch at break and stiffness determinations were cut. 


Six different tests were made with the six backs. The backs were 
ait so as to obtain uniform sampling for each of the tests. The 
method adopted for sampling is illustrated in figure 1. The sample 
series for each test was rotated for each hide, so that each test 
contained samples from every location shown in figure 1. 

The samples measured 16 by 8 inches and 8 by 8 inches. The 
method of dividing the samples is shown in figure 2. Four sets of 
pieces were cut from each sample.? One set was used as a control; 
the others for exposure to mildew. 

The back used for the tests in the humidity cabinet was divided 
into 24 samples 8 by 8 inches. These were separated into two sets by 
alternate selection for two different tests. Each sample was cut intu 
four sets of pieces, as described above. 


2. PREPARATION OF SAMPLES FOR EXPOSURE_TESTS 


Information concerning treatment and exposure conditions for 
samples cut from the six backs of vegetable-tanned strap leather is 
given in table 1. 


"TABLE 1.—Leather treatments and exposure conditions 








rey eae | 


Test No. Leather treatment pe | 

1 Untreated. ....| Soil burial. 

2 G0 iiitin-d 54s-eddiod | Tropical room. 

3 Oil only.... ai ..| Soil burial. 

| 4 do 4 ..| Tropical room. 

5 Oil and fungicide nal ..| Soil burial. 

6 ask : Tropical room. 
} 
| | 

—_—_——— 


ilts are given in this paper for tests on the reserve specimens. The specimens are being held for 
ference 
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_The leathers were treated with the oil and the oil and fungicide }y 
dipping them into a solution of these materials in a mixture of solvent: In 


The compositions of these solutions is given in table 2. asit 


AU 
The ( 


TaBie 2.—Compositions of solutions used in treating leathers exposed to mildey 


























—_— —s a wou Gan a orgar 
Type of solution The] 
Material ! eens a for 
Oil only fungicide equiv 
Parts Parts 
Perchloroethylene-.-_................-- 67 67 
ti IE LTE II 10 10 
fT eeteqrresomerersn: 10 10 atmo 
SEE TE ETS: 10 10 wr 
a ceniccata 0 1.5 ol ap 
Pentachlorophenol --.................- 0 1.5 











! Materials conform to requirements in Quartermaster Corps Specification, ““Compound, Leather Dress : 
ng, Preservative, for field treatment.” 7 h 


The two tests in the humidity cabinet were made with leathers av 
dipped in the oil preparation and of other leathers dipped in the oil MH temp 
with fungicide preparation. The amounts of oil added to the leathers HH 95 ¢, 
varied from 6.5 to 7.0 percent, whereas the total of the two fungicides J jy, i; 
varied from 0.85 to 0.90 percent. Unpublished data show that this % yj, 
fungicidal formula is effective for at least 30 days with as little as 0.2 
percent of the fungicides in the leather. This material has been used 
for the treatment of shoes and other leather goods at a concentration 
of approximately 0.5 percent with no evidence of toxicity. It is, Th 
however, not recommended for use where direct contact is made with My !™ 
the skin. am 

The pieces of leather being treated were allowed to dry in a room & “??* 
(having uncontrolled weather conditions) until most of the solvent had 
evaporated. They were then placed in a conditioning room at 7(° F 
and 65-percent relative humidity for 96 hours to allow the remainde! 
of the solvent to evaporate and permit the establishment of equilibrium 
with the controlled atmosphere. Equilibrium was assumed when th 
weights of the pieces did not change more than 0.3 percent on two 
successive weighings 24 hours apart. The final weight was recorded 
for the determination of the amounts of oil and fungicide absorbed 
One piece from each sample was selected for control, whereas the 
others were used in the exposure tests. These leather samples were 
exposed for periods of 4, 8, and 12 weeks under each of the conditions 
described in the following section. 


W 
posu 
Mild 
scrul 
65-p 
dete: 
for t 


3. CONDITIONS OF EXPOSURE TESTS 


The conditions of soil burial as used at the National Bureau o! 
Standards for the testing of textiles and a tropical room * at Fort 
Belvoir, Va., were selected for making the initial tests because from 
experience it was known that these conditions induced a heavy growt! 
of mildew. The humidity cabinet was selected to represent surrounc- 
ings where the growth of mildew was only moderate. 

*T. F. Cooke and R. E. Vicklund, Ind. Eng. Chem. Anal. Ed. 18, 59 (1946). 
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(a) SOIL BURIAL 



































In these tests the pieces were imbedded in the soil in a vertical 
sosition to the extent of about two-thirds of their length. 

. ‘ 4 topsoil, known as Chester loam, having a pH of 5.0 was used. 
mildew MJ The optimum moisture content for this soil for the growth of micro- 
wanisms is considered to be 70 percent of its moisure equivalent. 
The moisture equivalent of a soil is its water retention capacity under 
, force of 1,000 times gravity. Seventy percent of the moisture 
equivalent of this sample of Chester loam has been found to be equal 
to 25 percent moisture on an oven-dry basis. This moisture content 
was maintained throughout the period of exposure. The soil bed was 
enclosed in a tight cabinet, and the temperature of the surrounding 
mosphere was maintained at 85° to 90° F and at a relative humidity 
of approximately 95 percent. 


(b) TROPICAL ROOM 


The tropical storage room was operated on the following cycle: 
For 18 hours each day, the temperature was held at 85° F and the 
lative humidity at 90 percent. During the remaining 6 hours, the 
'e Ol Bt temperature was lowered to 75° F, and the humidity was raised to 
thers Hl 95 to 100 percent. Condensation occurred on the leather samples 
cides HJ during the 6-hour period. The leather was suspended, by means of 
= wire, from a glass rod supported on a shelf at the sides of the room. 

$ 0.2 

used (c) HUMIDITY CABINET 


Lb10n ‘ . : ° - : 
tis This cabinet was maintained at 85° and 90° F and at a relative 


with q bumidity of approximately 95 percent. The pieces were held by 
means of glass thread tied to a wooden rod that was placed in the 
uppermost of the cabinet. 


thers 


oom 
had 
°F 4. LABORATORY METHODS 

ndet (a2) PREPARATION OF SPECIMENS FOR TESTING 

‘um . P : 

the When the pieces of leather were removed from the different ex- 
posure conditions, they were dried under uncontrolled conditions. 
Mildew and soil were removed by rubbing the leather with a dry 
scrubbing brush. The pieces were then conditioned at 70° F and 
i5-percent relative humidity. After equilibrium was reached, as 
determined by maintenance of constant weight for 24 hours, specimens 
or tensile strength, stretch at the breaking point, and determinations 
of stiffness were cut from the exposed pieces of leather. 


(b) CHEMICAL ANALYSES 


The tensile-strength specimens, after being broken, were ground in 
i Wiley mill, thoroughly mixed, and used in making the chemical 
investigation. 

This included a complete chemical! analysis by the methods described 
i the Federal Specification KK-—L-311, for Leather and Leather 
Products; General Specifications (Methods of Sampling, Inspection, 
uid Tests). In addition, determinations of iodine and saponification 
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numbers were made on the greases,‘ and estimations of ammoniy 
and soluble nitrogen were made on the leather to determine if any 
breakdown of the protein occurred. 7 

The saponification number was determined by method 321.2 j, 
Federal Specification KK-L-311. The iodine number was determined 
by the Wijs method (Methods of Analysis of the Association of Officig| 
Agricultural Chemists). Ammonia was determined by extracting 5 
of the leather with 200 ml of a solution of hydrochloric acid (0.05 NV 
by shaking the mixture in a bottle for 4 hours. One hundred milliliters 
of the filtered extract was placed in a Kjeldahl flask, sufficient may. 
nesium oxide was added to make the solution alkaline, and the ex. 
pricy ag ammonia was determined by distilling it into standardized 
acid. 

Soluble nitrogenous materials were determined by extracting 2 ¢ 
of the leather in 200 ml of sodium carbonate solution (0.1 N) by shak- 
ing the mixture in a bottle for 4 hours. The extract was filtered and 
the total nitrogen was determined on a 100 ml portion of the filtrate Hj °°" 


by method 350.1 in Federal Specification KK-L-311. .—- 


(c) PHYSICAL TESTS crow 

. . . : the §) 
Determinations of tensile strength and stretch at the breaking J surfa 
point were made in accordance with method 240.1 in Federal Speci- mate 
fication KK-L-311. ; 
Stiffness was determined in accordance with method 250.1 in the 


expos 
week: 

Th 
Howe 
bacte 


same specification. The relative stiffness factor was calculated for Mi 
an angle of 20 degrees and a span of 2 inches. cabin 
Specimens previously used in the stiffness measurements were em- 9 "*S ® 
ployed for the flexural fatigue tests. The fatigue machine was the § "2°" 
one described by M. Maeser.’ In order to accelerate the test, the HB &°’ 
method was modified however, by drilling a hole (% inch) in the middle 


of the cross section where the specimen is notched. The end point In 
was recorded when a crack was formed all the way across one of the # .\).} 
two sections formed by the drilled hole and the notches. 


III. RESULTS 


1. OBSERVATION OF EXPOSED LEATHERS 
(a) SOIL BURIAL 


appli 
comp 
eXpos 


Within 2 days after exposure a heavy white mycelium was noticed 
on the pocorn | portion of the oil-treated leather. By the end of the 
first week this had developed into a uniform black coating of Asper- 
gillus niger, and at the end of the first 4 weeks a very heavy coating 
of this mold was present. No other organism manifested itself at 
this time. At the end of the second and third exposure periods, thi 
exposed portions of the oil-treated specimens showec luxuriant 
growths of Aspergillus niger, with an overgrowth of an olive greet 
Penicillium. 

The specimens that contained no added oil showed a slight growth 
of Aspergillus niger; but in this case various species of Penicillium wert 
also present, along with a strain of ‘Asperg@ius oryzae. At the end 


# Includes added oils and original stuffing mixture. 
‘J. Am. Leather Chem. Assn. 38, 35 (1944). 
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nOnia MN of 12 weeks of exposure, an increased amount of growth of a variety 
any @ of organisms was evident, but the underlying surface of the leather 
was still partly visible. 

2 in The portions of the specimens treated with fungicide that were 
ined MM exposed above ground showed no evidence of growth even after 12 
ficial #¥ weeks of exposure. 

d The buried portions of these specimens showed little or no growth. 
However, a few colored spots which are believed to have been of 
bacterial origin were noticed on the buried portions of all pieces, 
including those treated with fungicide. 


lized (b) TROPICAL ROOM 


(ida 4 The types of mold on the specimens in the tropical room were similar 
hak. gg 10 those on the portions of the samples that were above ground in the 
po sil-burial tests. The molds were also more abundant in the tropical 
trate qq oom than in the burial tests, but there was no evidence of spots 
“ B® <imilar to those on the buried portions in the soil-burial tests. 

The samples treated with the fungicides showed no evidence of 
crowth at any time. There were droplets collected at the bottom of 
the specimens, however, and there was some evidence of spue on the 
surface of those having the highest precentage of water-soluble 
materials. 

(c) HUMIDITY CABINET 


Mildew-growth on the leather under the conditions of the humidity 

cabinet was only of moderate extent. The grain side of the leather 

vas almost completely covered with a moderate growth of Aspergillus 

the Mpniger, whereas the flesh surface was sparsely covered with a slight 
the Ma gowth of this mold. 

ddle 2. CHEMICAL ANALYSES 

Olnt 


th In table 3 are given analyses of the composite samples used in the 
le 


wil-burial and tropical-room tests, together with the results of tests 
applied to the greases and the determinations of soluble nitrogen 
compounds. Also included are similar analyses after the various 
exposure periods; and, in addition, the analytical results of similar 
tests applied to leathers exposed in the humidity cabinet. 
Differences due to exposure conditions rather than to the effect of 
nildew are reflected in the results of the chemical analyses. The 
leathers exposed to soil burial showed increases in ash and pH value. 
The ash increase is undoubtedly caused by pickup from the soil since, 
as shown, the ash contained calcium and magnesium salts. 
The leathers exposed to the tropical room absorbed ammonia from 
an accidentally contaminated atmosphere. This resulted in an in- 
crease in es and in the hydrolysis of some of the tanning material, 
is shown by the increase in water solubles and tannins. 
The leathers not treated with fungicides showed a large decrease 
im percentage of grease. Samples containing fungicide showed small 
grease losses, which may be attributed to adsorption of grease by 
the soil for the soil-burial samples, and possibly to leaching for the 
ttepical-room and humidity-cabinet samples. 

Leathers treated with fungicides and exposed in the humidity 
cabinet showed considerable losses in water-soluble materials. 
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3. PHYSICAL TESTS 
(a) TENSILE STRENGTH 


















The results of tensile-strength tests are given in figure 3. Mi£l- 
lowed leathers (not treated with fungicides) showed greater losses 
in tensile strength than those treated with fungicides. After the 
frst 4 weeks, the samples exposed to soil burial and in the humidity 
cabinet lost tensile strength at a lower rate than those exposed in the 
tropical room. : 
The buried fungicide-treated leathers developed greater losses in 
tensile strength for the 12-week period than similar specimens ex- 
posed in either the tropical room or the humidity cabinet for the 
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Ficure 3.—Increase in percentage loss in tensile strength with time for leathers 
exposed to sotl-burial, tropical-room, and humidity-cabinet conditions. 


same time period. This may have been the result of conditions in 
the soil. 


(b) STRETCH AT BREAKING POINT 


The percentage loss in stretch at the breaking point (fig. 4) correlates 
well with the results of the tensile-strength tests (fig. 3), with the excep- 
tion of the humidity-cabinet tests. These showed no appreciable 
nge in loss of stretch before the 12-week exposure period. 


(c) CHANGE IN STIFFNESS 


The results of the stiffness measurements are plotted in figure 5. 
All the curves cut the ordinate at a relative stiffness-factor value of 
1), since this was the average result for all the control specimens. 
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Ficure 4.—Increase in percentage loss in stretch at break with time for leathers 
exposed to sotl-burtal, tropical-room, and humidity-cabinet conditions 
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Figure 5.—Increase in relative stiffness factor with time for leathers exposed to ates 
soil-burial, tropical-room, and humidity-cabinet conditions. supp 
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All the leathers that had a growth of mildew showed greater increases 
in stiffness than the exposed specimens treated with fungicides and 
had no growth of mildew. The samples exposed to soil burial showed 
decreasing stiffness values after the first 4 weeks of exposure. This 
may have been caused by the slow redistribution of grease from the 
interior to the surfaces of the leather. The surface of the leather had 
probably lost a considerable amount of grease during the first 4 weeks 
of underground storage because of close contact with the surrounding 
wil. After the first 4 weeks, the loss to the soil was less, and a redis- 
tribution of grease then took place in the leather. 

Stiffness specimens were cut from portions of the soil-burial speci- 
mens that were either completely covered with soil or only partly 
submerged. This may be visualized from the diagram of the piece 
shown in figure 2, D. The stiffness specimen was exposed above or 
below the soil, depending upon which end of the piece was placed in 
the soil. 

In table 4 are given the results of changes in the relative stiffness 
factor of specimens exposed above and of those exposed beneath the 


soil 


TasLe 4.—Comparative change in relative stiffness factor' of specimens from soil 
burial tests exposed above and below the soil 























Above soil Below soil 
pathers ; , Cos ’ cise 
-_ . Time o relative 
Leather treatment exposure | stiffness | Relative | ,, Relative | 4; 
Number of : Number of 
factor stiffness svecime stiffness i 
factor pecimens factor specimens 
Weeks 

 ) a a a a 

ted | eee 351 12 276 
ee | See 291 12 356 7 
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il and fungicide... .........-.. 7 enantttincaa 225 10 270 9 
Et icabsncessden 220 ] 417 10 





























' Calculated at angle of 20 degrees and span ef 2 inches. 
' Average of 19 specimens. 


These data show that leathers with mildew gradually increased in 
stiffness when aged above ground. Leathers without mildew in- 
creased in stiffness when exposed below the soil. These findings indi- 
cate that contact with soil increases the stiffness of leather, as might 
be expected. In this respect, however, mildew appears to be more 
effective than soil action. 


(d) FLEXURAL FATIGUE 


The results of flexural-fatigue tests for the leathers aged in the 
humidity cabinet are given in table 5. They show that there is con- 
siderably more tendency for the grain.to crack on those that had 
supported mildew than on those that had no mildew growth. 
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Tas_e 5.—Resistance of leathers, exposed to mildew-growing conditions in humidity arbo 
cabinet, to flerural fatigue in the Maeser machine aah 
" “| pon ¢ 
| Grain crack ! show! 
Leather treatment Time of | js presel 
ex re cToss : 
posure | Started | soecimen presel 
It 
Weeks Flezes Flezes assim 
8 28,080 | 141, 570 
8 21, 360 31, 800 and ¢ 
Treated_with oil only. ‘ 12 15, 740 27, 240 tannil 
12 16, 200 29, 520 a 
12 15,310} 20,300 Ide 
2} @® () nes 
Treated with oil and fungicide 12 34, 080 3 41, 570 
12 33,890} 36, 860 
! Machine runs through cycle having 41,570 flexes. Specimens were tested through only I cycle. 
* Not completely across. 
* No crack in first cycle. 
IV. GENERAL DISCUSSION 
The results of the tests give evidence that the growth of mildew Se 
on leather is supported by the greases, which act as a nutrient. Tests 
on the greases show a decrease in the saponification numbers, which 
indicates that the microorganisms attack the fatty acids at the 
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Fiaure 6.— Variation of relative stiffness factor with thickness of the specimens 
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vidity arboxy! group and decarboxylation apparently occurs. I[odine- 
»ymber determinations give a possible indication of dehydrogenera- 
“ion of fatty oils and the preferential assimilation of them. This is 
shown by an increase in iodine number where only fatty oils are 
present and a decrease in iodine numbers where mineral oil is also 
present. 
‘It is not definitely proved by these results that the mildew 
similates the tannins. The leathers not treated with a fungicide 
ind exposed to the tropical-room tests show larger decreases in 
‘~anning materials than those that were treated and did not support 
mildew growth, but apparently an indeterminable amount of this 
loss was caused by leaching. 


OR GIN AL 
4 WEEKS 
x 6 WEEKS 
\S @ WEEKS 
| 
| 
lew é é — - an — 
PST 
uch 
th, . nindiibeatieal 
- o 
_ ° *) 
‘ d 3 EE 
— Q . 2 x r) 
g 
o 
. ‘ . . — Se 
uv 
rs ° — 
6 - 
3 4 5 6 j 6 9 0 3 4 6 6 7? 16 =] 
SAMPLE N we = 
7.—Tensile strengths of individual specimens of untreated leather exposed 


in the tropical room for 4, 8, and 12 weeks. 


As the growth of mildew occurs on the outer surface of the leather, 

t would be expected that the effect of the mildew would be most 

severe on the thinner leathers, which have the highest percentage of 

iter surface per unit weight. In figure 6 the relative stiffness fac- 

lors of the specimens not treated with the fungicides and aged in the 

‘ropical room for 12 weeks are plotted against their thicknesses. 

4 ‘he original specimens had relative stiffness factors varying from 

0 to 380, with an average of 190. These results show that the 
thinner leathers have the greatest increases in stiffness. 

Tests of the soluble nitrogenous materials in the exposed leathers, 

= as determined by extracting with 0.1-N sodium carbonate solution, 

show that no appreciable deterioration of the hide substance has 

occurred. In figure 7 are shown the percentage losses in tensile 

strength of each specimen of leather that had been given no treat- 

went and exposed to the tropical room. Only one of these speci- 
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mens has a final tensile strength of less than 2,000 pounds, eye, 
though the control specimen of some of these samples was not appr. 
ciably higher. This indicates further that no breakdown of th. 
basic chemical structure of the hide substance has occurred and tha; 
the loss in tensile strength is principally caused by changes in the 9 Pert 
physical structure of the leather. The maintenance of chemical sta. 

bility should prevent, as indicated, the reduction of tensile strengt) 

below some definite minimum value. 


V. SUMMARY — 
The action of mildew on vegetable-tanned leather produces changes HI 
in its physical properties. These changes are caused, at least in part, 
by the removal of the grease. This causes an increase in stiffness and 
a loss in both tensile strength and stretch at the breaking point. Tl, 
grain also is weakened and tends to crack. 
Mildew did not cause any appreciable deterioration of hide sub- Val 
stance in the leather. dioxid 
four ¢ 
The authors express their appreciation to Lieutenant Richard £. @ “’ 
Vicklund for his suggestions and interest in this investigation, and 
for the privilege of using the tropical room at Fort Belvoir, Va. 
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HEATS OF COMBUSTION AND FORMATION AT 25° C OF 
THE ALKYLBENZENES THROUGH C,H, AND OF THE 
iges HIGHER NORMAL MONOALKYLBENZENES : 


art 
and 3y Edward J. Prosen, Walter H. Johnson, and Frederick D. Rossini 
lhe 
ABSTRACT 

Values are given for the heats of combustion (in oxygen to form gaseous carbon 
dioxide and liquid water) and the heats of formation (from the elements, solid 
carbon (graphite) and gaseous hydrogen), at 25° C, for benzene, toluene, the 
four CsHyo, the eight CyHy», and the 22 CjoH,y, alkylbenzenes, in both the liquid 
and gaseous states, and for the higher normal monoalkylbenzenes in the gaseous 
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I. INTRODUCTION 


As part of the work of the Bureau’s Thermochemical Laboratory 
and the American Petroleum Institute Research Project 44 on the 
‘Collection, Analysis, and Calculation of Data on the Properties of 
Hydrocarbons,” this report presents values for the heats of combustion 
aid of formation at 25° C of the alkylbenzenes through C,)H,,, in 
both liquid and gaseous states, and of the higher normal monoalkyl- 
benzenes in the gaseous state. 


II. UNITS, CONSTANTS, AND UNCERTAINTIES 


The unit of energy upon which the values presented in this paper 
are based is the international joule determined by standards of resist- 
tice (international ohms), electromotive force (international volts), 
tid time (mean solar seconds) maintained at this Bureau. Conver- 


_ 
investigation was performed at the National Bureau of Standards jointly by the Thermochemical 
“oratory and the American Petroleum Institute Research Project 44 on the “Collection, Analysis, and 
aiculation of Data on the Properties of Hydrocarbons.”’ 
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sion to the conventional thermochemical calorie is made by means of 
the relation [1}*. 


4.1833 international joules=1 calorie. 


The atomic weights of hydrogen, oxygen, and carbon were taken as 
1.0080, 16.0000, and 12.010, repacively, from the 1941 table of Inter. 
national Atomic Weights [2]. 

The uncertainties assigned to the various quantities dealt with were 
derived, where possible, by a method previously described [3]. In 
other cases, reasonable estimates of the uncertainty were made. 


III. DATA USED IN THE CALCULATIONS 


The data used in the calculations are the following: 
Heat of formation of carbon dioxide at 25° C [4]. 
Heat of formation of water at 25° C [5]. 

Heats of combustion of benzene, toluene, ethylbenzene, o-xylene, 
m-xylene, p-xylene, and n-propylbenzene, in the liquid state at 25° 
C [6]. 

Heats of combustion of isopropylbenzene, 1-methyl-2-ethylbenzene, 
1-methyl-3-ethylbenzene, 1-methyl-4-ethylbenzene, 1,2,3-trimethyl- 
benzene, 1,2,4-trimethylbenzene, and 1,3,5-trimethylbenzene, in the 
liquid state at 25° C [7]. 

Heats of combustion of n-butylbenzene, isobutylbenzene, see- 
butylbenzene, and tert-butylbenzene, in the liquid state at 25° C {8}. 

Standard heats of vaporization at 25° C for benzene, toluene, the 
four CsHio, the eight C,H,., and the twenty-two C,,H,, alkylbenzenes 
from a correlation by Wagman, Taylor, Pignocco, and Rossini [9] of 
selected “‘best”’ values based largely on the experimental data on the 
heats of vaporization at 25° C of benzene, toluene, ethylbenzene, the 
threé xylenes, the two propylbenzenes, and the three trimethylben- 
zenes by Osborne and Ginnings [10]. 


IV. METHOD OF CALCULATION 


The selected values for the heats of combustion of the hydrocarbon 
in the liquid state at 25° C were taken as reported in reference [6] 
for benzene, toluene, ethylbenzene, the three xylenes, and n-propy'- 
benzene, in reference [7] for isopropylbenzene, the three methylethy!- 
benzenes, and the trimethylbenzenes, and from reference [8] {or 
n-butylbenzene, isobutylbenzene, sec-butylbenzene, and _ tert-butyl- 
benzene. The corresponding values for the heat of combustion of the 
hydrocarbon in the gaseous state at 25° C were obtained by appropr- 
ately adding the values of the heats of vaporization from reference [| 

The selected values for the heats of formation of the above hydr- 
carbons in the liquid and gaseous states at 25° C were obtained by 
appropriately combining the values of the heats of formatien of water 
and carbon dioxide from references [4, 5] with the corresponding 
selected values for the heats of combustion. 

The corresponding values for the higher normal monoalkylbenzenes 
were obtained by adding to the values for n-butylbenzene the appro- 
priate increments per CH, group reported for the normal parafii 
hydrocarbons above n-pentane [11]. 


* Figures in brackets indicate the references at the end of the paper. 


Heats of Combustion of Hydrocarbons 457 















The values for the heats of formation in the gaseous state at 25° C 
for all the CyoH,, alkylbenzenes except the four butylbenzenes were 
calculated by a method we the summing of contributions from 
component parts of the molecule (phenyl, methyl, ethyl, n-propyl, 
N as and isopropyl groups), together with contributions associated with 
nter- the positions of the substituent groups on the benzene ring.* The 
necessary constants were evaluated by the method of least squares 
were from the selected values of the heats of formation in the gaseous state 
In at 25° C for toluene, ethylbenzene, n-propylbenzene, isopropylbenzene, 
the three xylenes, the three methylethylbenzenes, and the three 
trimethylbenzenes. 
By this method, the heat of formation of an alkylbenzene hydro- 
carbon, with one phenyl group having methyl, ethyl, n-propyl, or 
isopropyl substituent groups, is taken as 


nC (solid, graphite) + (n—3)H,(gas) =C,H,,_4(gas) (1) 
AHP? 208.16 = Bs + 2181+ 2 But 2m8iun + 
2111 P11, + Z0Bu + ZmB m+ 2B, kcal/mole, (2) 


where 
2;=the number of methyl groups 
24 the number of ethyl groups 
21; the number of n-propyl groups 
2u1,=the number of isopropyl groups 
z =the number of ortho pairs of substituents (being, for 
example, one in o-xylene and two in 1,2,3-trimethyl- 
benzene) 
2m==the number of meta pairs of substituents (being, for 
example, one in m-xylene and 1,2,3-trimethylbenzenes 
and three in 1,3,5-trimethylbenzene) 
2p=the number of para pairs of substituents (being, for 
example, one in p-xylene and two in 1,2,4,5-tetra- 
methylbenzene) 
8,=19.383 kcal/mole, representing the contribution of the 
one phenyl group 


8;=—7.508 keal/mole, representing the contribution of one 
methyl group 
Bu = — 12.190 kcal/mole, representing the contribution of one 
ethyl group 
8u1= — 17.513 kcal/mole, representing the contribution of one 
n-propyl group 
8i1,= — 18.443 kcal/mole, representing the contribution of one 


isopropyl group 

8,=0.469 kcal/mole, representing the contribution arising 
from each pair of substituent groups which are in 
ortho positions with respect to each other 

Bm=—0.225 kcal/mole, representing the contribution arising 
from each pair of substituent groups which are in 
meta positions with respect to each other 

8,=—0.327 kcal/mole, representing the contribution arising 
from each pair of substituent groups which are in para 
positions with respect to each other. 


ethod is similar to that previously used in reference [9] in the evaluation of the heats of vapori- 
! compounds for which no data exist 
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The foregoing constants yield values of the heats of formation of 
the C,H, to C,H,, alkylbenzenes which differ from the selected bes 
values by the following amounts, in kilocalories per mole: Toluene 
—0.08; ethylbenzene, 0.07; 0-xylene, 0.30; m-xylene, 0.02; p-xylen 
—0.25; 1-methyl-2-ethylbenzene, —0.14; 1-methy]-3-ethylbenzene 
— 0.08; Me ge Tee, 0.14; 1,2, 3- trimethylbenzene, —0,|4 
1,2,4- trimethylbenzene, 0.11; 1,3, 5-trimethylbenzene, 0.02. As 0.12 
kcal/mole is only 0.01 percent of the value of the heat of combus- 
tion of a C,H, alkylbenzene, the correlation is considered satis. 
factory. 

The values calculated by the foregoing method for the C,H,, 
alkylbenzenes, except the four butylbenzenes, are believed to }, 
uncertain by not more than about +0.40 to +0.70 kcal/mole, which 
is +0.03 to +0.05 percent of their heats of combustion. 


TAB 


V. RESULTS 


In table 1 are presented the selected ‘‘best’’ values for the heats of 


combustion and formation at 25° C of the 36 alkylbenzenes through a0 
Cy,Hy, in both the liquid and gaseous state, and for some higher He 
normal monoalkylbenzenes in the gaseous state. - 

For the heats of combustion of the normal monoalkylbenzenes but 


above n-propylbenzene, in the gaseous state at 25° C: tat-Bu 


C,,H2,-.(normal alkylbenzene, gas) + 
(3/2)(n— 1)O,(gas) =nCO,(gas)+ (n—3)H,O0 (liq) 
— AH e° x8. 13= — 158.990 + 157 .443n + (0.4226— 
0.06556n + 0.003428n?)! kcal/mole; n>9 


Similarly, the heats of formation of the higher normal monoalky!- 
benzenes in the gaseous state at 25° C are: 


nC (solid, graphite) + (n—3)H,(gas) = Di 
nHe,-s(normal alkylbenzene, gas) (5 +Di 

AHF? 208.16= 45.960 —4.926n + (0.4234— aa 
0.06611n+0.003637n?)! kcal/mole; n>9 345 

The foregoing equations incorporate the increment per CH, pre- 7 
viously reported for the normal! paraffin hydrocarbons [11]. age 
wNony 

VI. COMPARISON WITH PREVIOUS DATA *Unde 

“Dode 

Comparison of previous experimental data with the selected best ot 
values from this report is shown in table 2, in which the values from v Pend 
earlier investigations have been converted, insofar as significant, to esi 
the present unit of energy and atomic weights. vil 
“A! 

rm ga 

DN 

carbon | 
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Taste 1.—Selected ‘‘Best’’ values for the heats of combustion and formation of the 
Alkylbenzenes 








Heat of combustion + at 25°C, | Heat of formation * at 25° C, 
He° AHf 






























































! 
| —AHe 
Compound a eee 
j i 
| Liquid | Gas Liquid | Gas 
kcal/mole keal/mole kcal/mole kcal/mole 
RR SE | Ce He. 780.98 +0.10 | 789.08 +0. 10 11.72 +0. 12 19.82 +0. 12 
Cr Hg... 934.50 40.12 | 043.58 +0. 12 2.87 +0. 15 11.95 +0. 15 
Cs Hy_-| 1091.03 40.17 | 1101. 13 40.17 —2.98 +0. 20 7. 12 +0. 20 
Cs Hw 1088. 16 +0. 24 | 1008. 54 +0. 24 —5.84 +0. 26 4.54 +0. 26 
Cs Hy_-| 1087.92 40.15 | 1098.12 40.15 | —6.08 +0. 18 4.12 +0. 18 
Di Cs Hyo._.| 1088. 16 +0. 22 | 1098. 29 +0. 22 —5.84 +0. 24 4.29 +0. 24 
n-Propylbenzeme...........- Cy Hys.._| 1247.19 40.16 | 1258.24 +0. 16 —9.18 +0. 2 1.87 +0. 20 
lsopropylbenzeme. ........... Cs Hi_._| 1246.52 +0. 23 | 1257.31 +0. 23 —9.85 +0. 26 0.94 +0. 26 
-Methyl-2-ethylbenzene _...| Cy Hys_._| 1245. 26 +0. 23 | 1256.66 +0. 25 | —11L 11 +0. 26 0. 29 +0. 28 
-Methy!-3-ethylbenzene _...| Cy» Ely3_..| 1244.71 +0. 26 | 1255.92 +0.27 | —11.67 +0. 28 —0. 46 +0. 29 
|-Methyl-4-ethylbenzene....| Cy His_..| 1244.45 +0. 32 | 1255.59 +0.33 | —11. 92 +0. 34 —0.78 +0. 35 
23-Trimethylbenzene.._.. Cs Hy 1242.36 +0. 28 | 1254.08 +0.28 | —14.01 +0. 30 —2. 29 +0. 30 
24Trimethyl benzene. --_- Co His___| 1241.58 +0. 24 | 1253.04 40.24 | —14.79 +0. 27 —3.33 +0. 27 
i, + Trimethylbenzene - --.- Coy Hy___| 1241. 19 40.32 | 1252.53 40.32 | —15. 18 +0. 34 —3.84 +0. 34 
n-Butylbenzene............. Cw Hu 1403. 46 +0. 27 | 1415.44 +0. 28 | —15. 28 +0. 30 —3. 30 +0. 31 
Isbutylbemzenme............. Cy His__| 1402.04 +0. 29 | 1413.59 40.31 | —16.70 +0. 32 —5. 15 +0. 34 
we-ButylbenzeMe............ Cw Hu 1402. 85 +0. 27 | 1414.57 +0. 30 | —15.89 +0. 30 —4.17 +0. 33 
rt-Butylbenzeme............ Cy Hys__| 1401.82 40. 27 | 1413.32 +0.31 | —16.92 +0. 30 —5.42 +0. 34 
,-Diethylbenzene.........- Cy Hy.-.| 1401.80 +0. 44 | 1414. 21 40. 42 | —16.94 +0. 42 —4.53 +0. 40 
+Diethylbenzene.........- Cy Hyu_-_| 1401.30 40.44 | 1413.52 40.42 | —17.44 +0. 42 —5. 22 +0. 40 
|, +Diethylbenzene_......... Cre Hys__| 1401. 27 40. 44 | 1413. 42 40. 42 | —17.47 +0. 42 —5. 32 +0. 40 
-Methyl-2-n-propylbenzene_| Cie Hi__| 1401. 22 +0. 53 | 1413.57 40.52 | —17. 52 +0. 51 —5.17 +0. 50 
|-Methyl-3-n-propylbenzene.| Cie His__| 1400.72 +0. 53 | 1412.88 +0. 52 | —18.02 +0. 51 —5. 86 +0. 50 
|-Methyl-4-n-propylbenzene.| Cio His__| 1400.68 +0. 53 | 1412.77 40.52 | —18.06 +0. 51 —5.97 +0. 50 
|.Methyl-2-isopropylbenzene| Cio Hy__| 1400.55 +0. 63 | 1412.64 40.52 | —18.19 +0. 51 —6. 10 +0. 50 
-Methyl-3-isopropylbenzene| Cio Hyy__| 1400.05 +0, 53 | 1411.95 +0. 52 | —18.69 +0. 51 —6.79 +0. 50 
ee Cw Hiy_.| 1400.0) +0. 53 | 1411.84 +0. 52 | —18.73 40.51 —6.90 +0. 50 
?Dimethyl-3-ethylbenzene| Cio Hy4_-| 1398.90 +0.62 | 1411.63 40.61 | —19.84 +0. 61 —7. 1k +0. 60 
|,2-Dimethy]-4-ethylbenzene| Cy His__| 1398.36 +0.62 | 1410.83 +0.61 | —20.38 +0. 61 —7.91 +0. 60 
|, +Dimethyl-2-ethylbenzene| Cie His__| 1398.90 +0.62 | 1411.63 +0.61 | —19. 84 +0.61 —7.11 +0. 60 
.3Dimethyl-4-ethylbenzene| Cy Hy4__| 1398.36 +0.62 | 1410.83 +0.61 | —20. 38 +0. 61 —7.91 +0. 60 
+Dimethyl-5-ethylbenzene| Cio Hy4__| 1397.88 +0. 62 | 1410.24 +0.61 | —20.86 +0. 61 —8. 50 +0. 60 
|,+Dimethyl-2-ethylbenzene} Cie Hys__| 1398. 36 40.62 | 1410.83 +0.61 | —20.38 +0.61 —7.91 +0. 60 
23,4-Tetramethylbenzene_| Cy Hy._| 1395.70 +0.72 | 1408.72 +0.7 — 23.04 +0. 71 — 10.02 +0. 7! 
2.3, 5-Tetramethylbenzene_| Cig His__| 1395. 20 40.72 | 1408.03 40.71 | —23.54 +0. 71 — 10.71 +0. 70 
2 4,5-Tetramethylbenzene_| Cio Hi4__| 1395. 16 +0.72 | 1407.92 +0.71 | —23.58 40.71 | —10.82 40.70 
tAmylbenzeme.............- ONE Eee Pl | ee —8. 23 +0. 37 
vHexylbenzene............- a RRB hs io | ve } | ee —13. 15 +0. 29 
-Heptylbenzeme...........- - | “al 2S 4. ett SGM Bocconcccccccece —18.08 +0. 42 
s-Octylbenzeme_........ .... UAE To cocnmeusnmetnnad » & « | a —23. 00 +0. 46 
-Nonylbenzeme............- Cys Ha ouapedlt GEE Bo cecasence —27.93 +0. 50 
«-Decylbenzene_............ ye Hoe _- MET | ks | —22. 86 +0. 54 
»-Undecylbenzene_.......... ~S8 SGRRSes we. *& e | |) ee —37.78 +0. 59 
n-Dodecyl benzene... .-| Cys Hae aati Cll (wll " —42,71 +0. 64 
«-Tridecylbenzene._....... .- A eR ae 2832. 43 +0. 64 —47.63 +0. 69 
"-Tetradecylbenzene........ ON RTT 2089. 87 +0. 70 |..............-. — 52.56 +0.75 
~Pendadecylbenzene__...... . %*) BOS oa | 3147. 31 +0.75 nese — 57. 49 +0. 80 
iHexadecylbenzene__....._. oS NS ee eee I Dvcinintnecedasuess —62. 41 +0. 85 
Qper CH; soe-s-] ee, 157. 443 | poeecseccedtan ” ae 









AH 


represents the heat evolved in the combustion of the given hydrocarbon, in gaseous oxygen to 


m gaseous carbon dioxide and liquid water, at 25° C and constant pressure, with all reactants an pro- 
in their appropriate standard reference states. 

\AHf° represents the increment in the heat content or enthalpy of the 
carbon in the state indicated, from its elements, at 25° C, with all reac 
phate standard reference states. 






rocess of forming the given hydro- 
ants and products in their appro- 








460 


TABLE 2, oy po of previous experimental data with the selected “best’’ 
is report for the heats of combustion gd the alk ylbenzenes. 


from t 








Compound 


Benzene (liquid) 


Benzene (gas) - - - 
Toluene (liquid) 


Ethylbenzene (liquid) 


o-Xylene (liquid) 


m-Xylene (liquid) 


p-Xylene (liquid) - . . aioe 


a-Propylbenzene. - ...- 


Isopropylbenzene (liquid) - ..... 
1,2,4-Trimethylbenzene (liquid) - 
1,3,5-Trimethylbenzene (liquid) 


tert-Buthylbenzene __ ae. 


1-Methyl-3-n-propy Ibensene 
(liquid). 

1-Methyl-3-iso propylbenzene 
(liquid). 


1- aoa ttooprepy lbenzene 
(liquid). 


1,2,4,5-T etramethylbenzene (lig- 
uid). 


| 


| 





Investigators 


{ 





| 
ie 


ine 
| 
fe 
| 


Berthelot. . 
2 ee Rodatz, and Herz- 


stohmann, Kleber, and Lang- | 


n. 
Richards, Henderson and Fre- | 
vert. 

Richards and Jesse 

Roth and von Auwers.. 

Richards and Barry. 

Richards and Davis 

Berthelot. 

Thomsen 

Stohmann, Rodatz, and Herz- 

T 
Sechashan, Rodatz, and Herz- 
berg. 

Sehmidlin___. we 

Roth and von Auwers_ 

Richards and Barry 

Richards and Davis..._..__._____| 

Richards and Davis......_.._._.| 

Mourenu and André. : 

Richards and Barr 

von Auwers and Kolligs_ 

Stohmann, Rodatz, and Herz- | 
| 
| 


berg 
Richards and Barry... 
a sa Rodatz, and Herz- 


Richards and Jesse .. 
Roth and von Auwers_. | 
—e Rodatz, and Herz- | 


Richerds 6 ne 
Genvresse.. pallet 
Richards and Barry Sapoatngt iat 
Huffman and Knowlton. 

Genvresse 

Richards and Barry Cees 
Huffman and Knowlton __. 
Richards and Barry 
—s Rodatz, 


Richards and Barry = 


and Heiz- 


Richards and Barry.. 
Richards and Davis 
Genvresse 


Stohmann, Rodatz, and Herz- 
berg. 
o~—~aam Kleber, and Lang- 


and Lang- 


| 


in 
~~ Kleber, 
bein. 


Year 


1878 
1886 


1889 
1907 


1910 
1915 
1915 
1920 
1881 
1886 
1886 


1887 


1906 
1915 
1915 
1917 
1920 
1912 
1914 
1915 
1922 
1887 


1910 
1887 


1910 
1915 
1887 


1910 
1893 
1915 
1944 
1893 
1915 
1944 
1915 
1887 


1915 


1915 
1920 


1893 


1893 
1887 


1890 


1889 


| Hrcat ofc In Dust 


| 
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* Insofar as significant, the previous value was converted to the present unit of energy and atomic \ 
A negative sign in this column indicates that the earlier value is less than that of the present report; aI 


sign, higher. 


> The uncertainties have been assigned by the present authors. 
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HEATS OF COMBUSTION OF FOUR CYCLOPENTANE AND 
FIVE CYCLOHEXANE HYDROCARBONS 


By Walter H. Johnson, Edward J. Prosen, and Frederick D. Rossini 


ABSTRACT 


The beats of combustion of cyclopentane, methylcyclopentane, ethylcyclo- 
pentane, m-propyleyciopentane, cyclohexane, methylcyclohexane, ethylcyclo- 
hexane, n-propyleyclohexane, and n-butylecyclohexane were measured with a 
bom calorimeter. The following values were obtained for — AHc°agg.;4, the 
heat of combustion at 25° C and constant pressure of the liquid hydrocarbon in 
gaseous oxygen to form gaseous carbon dioxide and liquid water, with all the 
reactants and products in their thermodynamic standard reference states, in 
nternational kilojoules per mole (with the corresponding value in terms of the 
sonventional thermochemical calorie being given in parentheses): 


Cyclopentane, 3290.34 +0.72 (786.54 +0.17) 
Methyleyclopentane, 3937.07 +0.75 (941.14 +0.18) 
Ethyleyelopentane, 4591.17 +0.94 (1097.50 +0.22) 
n-Propyleyclopentane, 5244.75 +1.18 (1253.74 +0.28) 
Cyclohexane, 3919.26 +0.70 (936.88 +0.17) 
Methyleyclohexane, 4564.52 + 0.95 (1091.13 +0.23) 
Ethyleyclohexane, 5221.71 +1.46 (1248.23 +0.35) 
n-Propyleyclohexane, 5874.79 +1.15 (1404.34 +0.27) 
n-Butyleyelohexane, 6529.21 + 1.22 (1560.78 +0.29). 
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I. INTRODUCTION 


In continuation of the program of the Bureau’s thermochemical 
laboratory of determining the heats of combustion, formation, and 
somerization of hydrocarbons of various types, calorimetric measure- 
ments have been made of the heats of combustion of nine cyclopar- 
win hydrocarbons, including the first four members of the normal 
ukyleyclopentane series and the first five members of the normal 
ilkyeyclohexane series. This report gives the details of the experi- 
mental work and results. 
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II. UNITS AND CONSTANTS 


The unit of energy upon which the experimental values of this 
investigation are based is the international joule determined by thp 
standards of resistance (international ohms), electromotive ‘fore 
(international volts), and time (mean solar seconds) maintained gt 
this Bureau. 

The following relation was used to convert the values to the con. 
ventional thermochemical calorie [1]?: 


4.1833 international joules=1 calorie. 


The molecular weight of carbon dioxide, the mass of which was 
used to determine the amount of reaction, was taken as 44.010 from 
the 1941 table of International Atomic Weights [2]. 

The uncertainties assigned to the various quantities dealt with in 
this paper were derived, where possible, by a method previously 
described [3]. In other cases, reasonable estimates of the uncertainty 
were made. ; 

Definitions of the symbols used are given in previous papers 
[4, 5, 6, 7, 8]. 


III. METHOD, APPARATUS, AND PROCEDURE 


The method and apparatus used in this investigation are described 
in previous papers [4, 5, 6, 7, 8]. Calorimeter system F was used in 
the experiments on all the compounds of the present work except 
those on n-butylcyclohexane. Calorimeter system D, described in 
reference [6], was used in these latter experiments. Calorimeter 
system F' differed from system D in that a new bomb and heater, 
made of the same design as those of system D, were used. Resistance 
bridge No. 404 and platinum resistance thermometer No. 373,730 
were used for all the experiments reported here. 

The method of sealing the samples of hydrocarbons in glass an- 
poules, the ignition of the hydrocarbons in the bomb, the purification 
of the oxygen used for combustion, the examination of the products of 
combustion, and the determination of the amount of reaction were 
the same as previously described [4, 5 6]. No products of incomplete 
combustion were found in any of the experiments. 

The procedure used in the combustion experiments and the method 
of determining the ignition energy and of correcting for the formation 
of nitric acid were the same as previously described [4 5, 6]. 


IV. MATERIALS 


The samples of API-NBS hydrocarbons have been made available 
by the American Petroleum Institute and the National Bureau of 
Standards through the API Research Project 44 on the “Collection, 
analysis, and calculation of data on the properties of hydrocarbons. 
The samples were purified by the API Research Project 6 on the 
“ Analysis, purification, and properties of hydrocarbons,” from material 
supplied by the following laboratories: 


1 Figures in brackets indicate the literature references at the end of this paper. 
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Cyclopentane, ethyleyclopentane, n-propylcyclopentane, ethylcy- 
iohexane, n-propylcyclohexane, S butalepalehaaell and half of the 
methyleyclohexane, by the API Research Project 45 on the “Synthesis 
ind properties of hydrocarbons of low molecular ~~ at the Ohio 
state University, under the supervision of Cecil E. Boord. 

Cyelohexane, and half of the methyleyclohexane, by the Barrett 
Division of the Allied Chemical & Dye Corporation. 

Methyleyclopentane, by the Houdry Process Corporation, through 
the courtesy of E. A. Smith. 

A complete description of the purification and determination of 
purity of these compounds are given in other reports [10, 11]. The 
mole fractions of impurity in these samples, as determined by A. R. 
Glasgow, Jr., E. T. Murphy, and A. J. Streiff from time-temperature 
freezing and melting curves and as described in reference [12], were 
as follows: Cyclopentane, 0.0002 +0.0001; methylcyclopentane, 

0016 +0.0006; ethyleyclopentane, 0.0008 +0.0003; n-propyleyclo- 
yentane, 0.0019 +0.0010; cyclohexane, 0.00003 +0.00002; methyl- 
velohexane, 0.0010 +0.0008; ethyleyclohexane, 0.0011 +0.00008; 
;-propylcyclohexane, <.0.003 (preliminary value) ; n-butylcyclohexane 
<0.003 (preliminary value) [10, 11]. 

As the manner of purification of these compounds [10, 11] was such 
s to leave substantially only close-boiling isomeric impurities in the 
respective compounds, it is calculated that in the worst case the 
measured heat of combustion would be affected by less than 0.005 
percent because of impurities in the compound. 


V. RESULTS 


The energy equivalents of calorimeter systems C and D are (see 
section VI-1 of reference [6}): 


E,(C) =137717.4 +13.9 int. j/ohm. 


#3 \ 


E,(D) =136489.6 +14.5 int. j/ohm. 


The results of the experiments to determine the energy equivalent 
of calorimeter system F’, through its ratio to that of calorimeter sys- 
tem C by the combustion of benzoic acid, are given in table 1. The 
symbols at the heads of the columns are as defined in references 
‘5, 6]. The energy equivalent of calorimeter system F, together 
with its estimated over-all uncertainty, is 


E,(F) =0.992496 E,(C) 
= 136684.0 +19.0 int. j/ohm. 


For convenience and clarity the data are all reported in terms of 
the energy equivalent of calorimeter system F. 

lhe results of the combustion experiments on cyclopentane, methyl- 
tyclopentane, ethyleyclopentane, n-propylecyclopentane, cyclohexane, 
methyleyclohexane, ethyleyclohexane, n-propylcyclohexane, and n- 
butyleyclohexane are given in table 2. The symbols at the heads of 
the columns are as defined in references [4, 5, 6]. The value of B for 
'-butyleyclohexane is given in terms of calorimeter system F, with 


the ratio of L,(F) to E,(D). 
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In table 3 are given the final results for the four cyclopentane and 
jve cyclohexane hydrocarbons whose heats of combustion were 
measured in the present investigation. The columns give the value of 
B for 28° C, in ohms per gram of carbon dioxide, as given in table 2; 
B®. which is B corrected to the ideal bomb reaction [8]; —AU°, the 
jecrement in internal en for the ideal reaction of combustion at 
28°C, with all reactants and products in their thermodynamic standard 
reference states of unit fugacity, in international kilojoules per mole of 
hydrocarbon; —AHc°, the decrement in heat content or enthalpy (or 
heat evolved in the combustion at constant pressure) for the reaction 
{ combustion of the liquid hydrocarbon at 28°C, with all the reactants 
ind products in their thermod = standard reference states; and 
finally, the same quantity, — °, for the reaction of combustion at 
5° OC. The foregoing values ~ —AU?® and —AHe° apply to the 


reaction. 


=~ VAs 


j =. MMovutes 


| 


. 000040 


C.Ho(liq) + (a-+3)Ox(@)=a00,(g) + $H,0 0a). 


TABLE 3.— Values of the heats of combustion 
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| Compound (liquid) | Bat B°C | B® at 2° C | —AU° at 2° C 
| 
Ohm/g COs Ohm/g COs Int. kj/mole 
Ps ne a a cl ..|0. 1091973 +0. 0000150 |0. 1091668 +0. 0000150 3283.44 +0. 72 
3 -yclopentane ar . 1088836 +0. 0000000 | . 1088531 +0. 0000000 3928.81 +0. 75 
z lopentane ; . 1088346 +0. 0000124 | . 1088039 +0. 0000124 4581. 54 +0. 04 
t) yclopentane 7 . 1087869 +0. 0000160 | . 1087564 +0. 0000160 5233. 76 +1. 18 
, Mh. cotedics ae . 1083894 -+0. 0000058 | . 1083590 =0. 0000060 3910. 98 +0. 70 
hyleyclohexane. . - “ae | . 1082005 +0. 0000128 | . 1081707 +0. 0000128 4554.88 +0. 95 
yieyelohexane___- aay . 1083063 +0. 0000242 | . 1082772 +0. 0000240 5210. 70 +1. 46 
b pylcyclohexane ..| . 1083144 +0. 0000104 | . 1082841 +0. 0000104 5862.41 +1.15 
i$ yieyclohexane Peer Bits _...| . 1083424 +0. 0000128 | . 1083121 +0. 0000128 6515.47 +1. 22 
= | 
Compound (liquid) |—AHc® (liq) at 28° C —AHc® (liq) at 25° C 
Int. kj/mole Int. kj/mole kcal/mole 
Re Ee ae 3289. 70 +0. 7: 3200. 34 +0. 72 786. 54 +0.17 
clopentane......... sina 3936. 32 +0. 75 3937.07 +0. 75 941.14 +0. 18 
leyclopentane............. aehiinan 4590. 30 +0. 94 4591.17 +0. 94 1097. 50 +0. 22 
#Propyleye ‘lopentane eee int 5243.77 +1. 18 5244.75 +1. 18 1253. 74 +0. 28 
yelohexane__. 3918.49 +0. 70 3919. 26 +0. 70 936.88 +0. 17 
Methyleyclohexane.............._. bed | 4563. 64 +0. 95 4564. 52 +0. 95 1091.13 +0. 23 
OS SO ee Tee 5220.71 +1. 46 221.71 +1. 46 1248. 23 +0. 35 
sPropyeyclohezane........................ 5873.68 +1. 15 5874.79 +1. 15 1404. 34 +0. 27 
»Butyleyclohexame.....................-...| 6527.99 +1. 22 6529. 21 +1. 22 1560. 78 +0. 29 
| 














The over-all uncertainty assigned to each final value of the heat 
of combustion of a given compound was taken as the square root 
of the sum of the squares of the following: (a) Twice the standard 
deviation of the mean of the series of combustion experiments, (b) an 
certainty of 0.010 percent in the determination of the absolute 
value of the amount of reaction, (c) twice the standard deviation 
of the mean of the series of experiments for determining the energy 
‘quivalent of the calorimeter with electric energy and of the series of 
periments to determine the ratios of the energy equivalents, and 
() an uncertainty of 0.010 percent in the determination of the absolute 
alue of the energy equivalent, with electric energy. 
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Following the usual practice of the Bureau’s Thermochemic| 


Laboratory, the values reported in this investigation are being utilized aN 
in the calculation of the heats of formation for the same compounds. 
in the gaseous as well as the liquid state, and in the evaluation by 
the method of increments per CH, group [9] of the values of the heats Part ¢ 
of combustion and formation for the higher normal alkyleyclopentanc 
and normal alkylcyclohexanes. 
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SIZE GRADING OF DIAMOND POWDER 
By B. L. Steierman, H. Insley, and W. H. Parsons 


ABSTRACT 


4 study has been carried out on certain aspects of diamond-powder grading. 
Various liquids were tried as dispersing media, and of the 30 materials tested, 
glatin solution was found to be the best. Several methods of separating the 
oowder into size fractions were investigated and are discussed. The Cooke short- 
wlumn elutriator was found satisfactory for determining the size of large quan- 
tities of powder with little manual attention. Results of size fractionation are 
shown by photomicrographs. 
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I. INTRODUCTION 


Before 1940 the diamond dies for wire drawing used in this country 
vere made abroad. After the manufacture of diamond dies was 
vegun in this country, it became evident that the domestic supply of 
diamond powder used for drilling these dies was not of proper quality. 
The present project was undertaken with three onto girssond irst, to 
determine the efficiency of various methods for separating diamond 
powder into size fractions; second, to determine the best dispersants 
or diamond powder; and third, to obtain data suitable for a basis for 
writing a standard covering the size and grading of diamond powder 
‘or commercial producers and users. It is also believed that the results 
may be of use in the sizing and grading of powders other than diamond. 


II. DISPENSING MEDIA 


For any method of sedimenting, elutriating, or examining diamond 
powder in a liquid, a suitable dispersing agent is necessary. In order 
469 
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to bé effective as a dispersant, a liquid must be able to wet diamonj 
and to develop an electric charge on the particles. If the liquid dogg 
not wet the diamond particles, agglomeration will not be overcome 
because of surface tension of the liquid. Furthermore, it is apparent 
that if the particles are neutral electrically, there will be no repulsive 
effect between particles. However, particles having like charges yjl| 
repel each other, and hence will not tend to aggregate 

The wetting power of a liquid with respect to Temneud was deter. 
mined by mixing a small quantity of liquid and diamond powder op 
a glass slide. If the liqui flowed over the powder and enveloped it, 
that particular liquid was judged to wet diamond. On the other hand, 
if the liquid pushed the powder away it did not wet diamond. 

A small electrophoresis cell was used for determining the kind of 
charge developed on diamond when in contact with a liquid. This 
cell was a glass microscope slide with two aluminum electrodes c- 
mented to it about 1mm apart. A drop of liquid with added diamond 
a was placed on the slide and covered with a cover glass. Leads 
rom a 110-volt direct-current line were connected to the electrodes. 
The cell was placed under a microscope, and the movement of the 
particles was observed. If the particles moved toward the positive 
electrode, the charge of the particle was negative. Diamond devel- 
oped a negative electric charge in contact with all the liquids tried. 

The method used in determining the degree of dispersion was 
examination by dark and bright field illumination. The liquid to be 
tested was mixed with a small quantity of fine (approximately | 
micron) diamond powder in a vial or on a microscope slide and then 
examined microscopically. The presence or absence of aggregates, 
separation of the particles, and Brownian movement were observed, 
and a rating of excellent, good, fair, or poor was given. Due regard 
was taken of the effect of viscosity on the Brownian movement. 
Table 1 shows the relation of the rating to the appearance of the 
powder under the microscope. The results of the dispersing tests ar 
given in table 2. On 


f 











TaBLe 1.—Relation of rating to appearance of the powder under the microscop of be. 
a ae oe = at eo liters 
2 decal 
Rating Aggregates Brownian movement : 
if powd 
Excellent.......... ff i eee Violent except for very viscous liquid 
Oo Secucscte> Few, small (10 to 20 microns) ..........| Particles quite active. 
), aes Abundant, small to medium (30 to 50 | Some activity. 
microns). 
DOCPeksse ssid Large aggregates. ...............-..-.- Practically none. 











After testing the liquids (see table 2), the solution of gelatin! 
water was selected as best suited for a suspending medium for sed 
mentation. This solution contains between 0.1 and 0.25 percent 0 
gelatin, with sodium carbonate added to give a pH of 9. A few dro; 
of thymol were added to prevent the growth of fungi or bactens 
The gelatin solution besides giving good dispersion has the adde 
advantage of a viscosity approximately as low as water. This resul' sever 
in giving sedimentation velocities that are relatively high, mv — 
higher than if more viscous liquids, such as pine or olive oil, we as 
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beak 
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ysed. Comparison with pine oil, alcohol, ethylene Slycol, and other 
jiquids indicates that the gelatin solution is also the cheapest and 
most easily procured dispersant. 


TABLE 2.—Dispersive power of liquids 




















Liquid Dispersive power | Remarks 
TeisthemsinGtRh®. .<.crasesbsdbvaciened ES ee No Brownian movement; viscous, 
toxic, expensive. 
ent ai ccccesetbtecccccocescese] GasnEtaseso=s Too volatile. 


REY | RE a ee .| Extreme aggregation. 
Kapsol (methoxyethyloleate) - - - 

Butoxy ethy!] stearate_......___. 
Methyleellosolve.................---. 
Givets GSREsstccccentpeanctnpents 
OE ST SE, 
Transformer oi]_...... TG! <> ES 





7 Expensive. 
Very viscous. 
Do. 


_| Too volatile, bad aggregation. 


Octoil 
Ethyl! aloohol............- 
Does not wet diamond. 


i-percent calgon in water __. a 





C Se — 

1 percent oleic acid in kerosine . 

Clt Giicncesentstmons pinetine-coulll ..| Viscous and expensive. 

ee, eee + SR aa. Ree Ours Too viscous. 

SN epsintiniensscrcnssssndnan Sees 

~~ SSRI FG fA ee Do. 

a aE A Te Do. 

Ge iaickensncictinimveaneentid 25> eee 

1 percent aerosol in water__...........- = waa a 

3 ae _.......| Good, excellent....| Series of oils in various viscosities. 
0.1 to 0.25 percent gelatin solution in Excellent..........| NarCQs to give pH of 9. Thymol 
water. as germicide. 

Dieeeet CR OE .onucocnedntancesededl Eiimelesaesen Too viscous. 

Ey EERE,» Ne 

Fractol A sities wll _ eee 

0.2 percent calcium lignin sulfonate | Good_...........-- 


in water. 
Camedia Galea o2son5.tiiwn since Excellent_......... Viscous, used for photomicrographs. 
=a es EE PSRs 2 Solid at room temperature. 











III. METHODS OF SIZE SEPARATION 
1. SIEVING 


Only a comparatively small amount of time was devoted to a study 
{ sieving because the subject has been treated at length in the 
terature on grinding, milling, and particle-size analysis and also 
vecause the present investigation was mainly concerned with diamond 
powder of subsieve sizes. 

The diamond crystals were crushed in a diamond mortar and 
sieved dry. Four sieves (diameter 3 inches) were used in a stacked 
arrangement—U. S. Standard Sieve Nos. 170, 200, 275, and 325. 
The sieving was done by hand, combining rotary and sidewise shaking 
with tapping, perpendicular to the sieve. 

Microscopic examination of the sieved fraction showed considerable 
amounts of very fine particles to be present. These particles adhered 
to the surfaces of the larger grains. In order to remove these fine 
particles, the powder retained on a No. 325 sieve was poured into a 
veaker of acetone, stirred vigorously, quickly sedimented, and the 
ines still in suspension were poured off. This process was repeated 
several times. Then the sedimented powder was washed with 
acetone and dried. The supernatant acetone containing the fines 
was evaporated, and the fine particles were added to the less than 
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No. 325 sieve fraction. Sieving, as here described, gave very uniform 
results. The particle-size range was narrow. Micrographs of two 
fractions are shown in figures 1 and 2. 


2. SEDIMENTATION 


In order to use any settling method it is necessary to calculate , 
table of settling velocities. The calculations are based on Stokes’ Jay: 


V= (2/9)ga?(D,—D,)1/n, 
where 
V=sedimentation velocity, cm/sec 
g=980 cm/sec? 
a=radius of particles 
D,=density of diamond, 3.52 
D,=density of gelatin solution, 0.99 
n=coefficient of viscosity, poises. 
This equation can be simplified as follows: 
V=a’K, 
where 
K=5510 
6=fluidity of gelatin solution, 1/y 
V=(2;9)980(3.52— .99)a*1/n 
V=551a’6. 

Table 3 gives the values of K and @ for various temperatures, based 
on the use of gelatin solution, also a table of diameters and radii of 
particles. Table 4 gives the sedimentation rates for diamonds of 
various sizes and grades. 


TaBLe 3.—Factors used to determine settling rates of diamond powder in gelatin 











solution 
T | «K a 
| a 

“e 

15 48, 300 87. 69 
17.5 51, 335 93. 53 
2.0 54, 800 99. 50 
22.5 58, 220 105. 63 
2.0 58, 890 106. 86 
25 61, 610 111.91 








DIAMETERS AND RADII OF PARTICLES 























| 

Diameter | Radius a a? 
Microns en. emX 10-5 cmX<10-¥ 
2 | 0.00010 | 10 100 
® . 00025 25 625 
8 | 00040 40 1, 600 
10 | 00050 50 2. 500 
15 | .00075 75 5, 625 
2 | .00125 125 | 15,625 
35 00175 175 =| 30,625 
55 | .00275 275 75. 625 
70 | .00350 350 | 122,500 
85 - 00425 425 | 180,625 
120 | . 00600 600 360, 000 
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] Sieved fraction of diamond powde through Vo. 200 sieve and retained 
on No 270 


2 Steved Jraction of diamond powde r throtigh No. 270 steve and retained 
on No. 325. 


Magnification, « 200 
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Figure 3 Diamond powder fraction by settling, average size 1.5 mic 


Magnification, *~ 400 
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Figure 4.--Diamond powder fraction by settling, average size 


Magnification, X 400 
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TABLE 4.—Sedimentation rates for diamond in gelatin solution 
(Temperature, 25° C, when V=a%61,610) 
Maxi- 
} mum j 
je designation size of a? | V VvV{| BT Time required to settle 5 cm 
| diamond 
| particle | 
| | 
| Microns icmX10- | cm/sec seciem | sec/6 cm hr min sec 
2 100 0. 0006 1, 666 8, 330 2 18 50 
5 625 . 0039 256 1, 280 | -- 21 20 
8 1, 600 . 0099 101 605 j..... & 25 
10 2, 500 0154 64.9 5 25 
20 10, 000 . 0616 16. 2 Se Baden 1 21 
37 34, 225 . 2107 4.7 , es 4 24 
60 90, 000 . 5545 1.8 ee een eee u 
85 | 180,625 Si yt eae 9 Bea 5 
120 | 360,000 EF by Seaeeak See 2 
(a) DIRECT SETTLING 


Some tests were performed to determine the efficiency of direct 
vttling as a method of size separation of diamond powder. The 
mond powder was mixed with a small quantity of the gelatin solu- 
prepared as mentioned in section II and stirred for one-half hour 
.an electric mixer. The suspension was diluted to a volume of 2 
es and placed in an asbestos-jacketed enamel can about 12 cm in 
meter. The asbestos lagging was used to prevent radiation losses 

| to reduce convection currents. 

After the stirring, the suspension was allowed to settle for a length 

» such that all particles greater in size than the finest desired 

ction had settled 5 cm. The upper liquid was then drawn off. A 
nck was constructed so that it could be used to set a pipette to remove 
quid to a predetermined depth. The tip of the pipette was bent at 
nght angles to its length so as not to withdraw material that had 
tiled below the desired depth. This sedimentation was repeated 
everal times, each time making the suspension up to the original 

lume, and again stirring and settling before removing a fraction. 
The withdrawals were all combined as the finest fraction and con- 

ntrated by centrifuging. 

The above procedure was then repeated for coarser fractions at a 
ferent settling time. The fractions produced in this way are shown 
ifigures 3 and 4. As can be seen from these photomicrographs, the 
ize grading of the powder is fairly good. Average sizes are 1.5 and 7 
microns in the size ranges 0 to 3 and 3 to 10 microns, respectively. If 
nore sedimentations had been made of each size fraction, a clearer, 
sharper separation might have resulted. 

The number of sedimentations necessary to give a required degree 
‘separation can be easily calculated. If 30 percent of the material 
ofa given size is removed each time, then 70 percent will remain. 
he next sedimentation will remove 30 percent of the remaining 70 
percent, or 21 percent of the original, and so on. This will be found 
require eight sedimentations to remove 94.2 percent, or six sedi- 
hentations to remove 88 percent. 
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(b) ELUTRIATION 


Size separations were made with the Cooke elutriator.' 
The apparatus built for the present research was modeled after th, 
original Cooke apparatus, with some slight modification to meet {), 
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Figures 5.—Diagram of Cooke elutriator. 


conditions in the constant-temperature room. A 0.1-percent-gelatil 
solution, made as indicated in section IT, was used. 

Figure 5 is a diagram of the main elements; some of the parts are 
shown in figure 6. The stirrer blade is shown in figures 5 and 6 4 
the lower end of the glass tubes. It consists of two perforated metel 
vanes. Above this is a metal grid, and both elements are surrounded 
by the elutriator can. 


1 §. R. B. Cooke, A new short column bydraulic elutriator, U. 8. Bureau of Mines Report of Investigato2 
No. 3333 (1937). 
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GS 


\ ibled elutriator; B, the 6 cutters (360, 180, 90, 45, 2244, and 11% degrees) and 2 nozzles; C (left to 
right), glass tubes with stirrer, grid, and elutriator can with overflow channel 


Figure 6.—Cooke elutriator and parts. 
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Ficure 8.—Elutriated diamond powder fraction, average size 2 micron 
Magnification, X 400. 
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Figure 9.—Elutriated diamond powder fraction, average size 5 microns. 


Magnification, X 400 
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Operation of the machine is quite simple. A slurry of diamond 
swder and gelatin solution is introduced into the open top of the 
Jutriator can. Gelatin solution flows down an outer glass tube and 
wverflows into an inner glass tube to enter the elutriator can at its 
iwer end, flows up and over the lip of the can into the overflow chan- 
nel, then into a collecting can. Arrows in the diagram indicate the 
jirection of flow. The rate of upward flow of liquid determines the 
main size washed over the lip of the can. 

In order to obtain a definite rate of flow, a constant head cone, 
sitter, and nozzle are necessary. The constant head cone provides 
the nozzle with a stream of liquid under constant pressure. The 
jozzle is so made as to deliver a definite volume of liquid per minute. 
4s the fine sizes require flow rates of very small magnitude, a system 
of cutters is employed. These cutters are sectors of cones made of 
metal or celluloid. When the glass tube revolves at a constant rate 
about 25 rpm), the cutter takes a definite portion of the stream from 
the nozzle, the remainder flowing back into the main tank. Cutters 
we of various sizes, 360 degrees for all the flow, 180 degrees for half 
the flow, ete. 

By careful choice of nozzle and cutter any upward rate of flow may be 
btained. Forexample, ifthe upward rate of flow just exceeds the sedi- 
mentation velocity fora 1-micron particle of diamond, then all particles 
| micron or smaller will overflow and be recovered in the collecting 
an. This overflow process is continued until examination of the 
werflow shows that no more particles 1 micron or smaller remain in 
the elutriator. The cutter can then be changed for a larger one to 
produce a greater flow such that the next desired size fraction is 
removed. 

The stirrer is used to agitate the diamond slurry and prevent aggre- 
mation. In order to prevent turbulent effects caused by the rotation 
{the stirrer blade, a grid is used. This grid prevents any rotary mo- 
tion of <0 in the upper part of the can and forces the liquid to rise 
vertically. 

The diamond powder is then removed from the gelatin solution by 
the following method. For coarser sizes of powder (down to 15 to 20 
microns) large volumes of liquid are encountered, and the separation 
takes place in two steps. First, the suspension is allowed to stand 
fora day, which brings the powder down to the bottom of a container 
ibout 10 inches deep. The excess liquid is decanted. Second, the 
Jurry at the bottom is evaporated or centrifuged to remove the remain- 
ng water. After this, the powder is cleaned with hydrofluoric, nitric, 
uid sulfuric acids in a platinum dish. 

For the finer fractions, the volume of liquid from the elutriator is 
*idom more than a few liters. In this case, the liquid is separated 
ty centrifuging and decantation of the supernatant liquid. The 
powder is collected, the excess liquid is evaporated, and the powder 
subjected to the cleaning process. 

For a larger installation on a commercial scale it might be desirable 
0 use a besliel type or a continuous centrifuge. The cleaning in that 
ase could be done with hot hydrochloric acid and hot dichromate- 
sulfuric acid cleaning solutions, followed by rinsing, filtration, and 
inal ignition. 
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As diamond powder is relatively expensive, preliminary test ry), 


* 7 . - : - - ‘ this 1 
in the elutriator were made with fluorite, which is quite similar igi. 


ge. 


diamond in some of its physical properties. Both are cubic, with goo, This 

octahedral cleavage, have similar densities (3.25 and 3.5), and = sted f 

the same electric charge in water. as 
With fluorite, fractions were produced with uniform grain size "probs 


Four fractions were made, 0 to 2.5, 2.5 to 5, 5 to 7.5, and 7.5 to | 
microns. The average sizes, determined microscopically, of the frac 
tions were 2, 5, 7, and 9 microns. 

A charge of diamond powder was next used. Six fractions and 
residue in the elutriator were recovered. Three of these fractions 
are shown in figures 7, 8, and 9. The size ranges (in microns) ar 
0 to 2,1 to3,and2to7. Average sizes for these grades are 1, 2, an 
5 microns. 

There are several reasons to account for the better uniformity of the 
size grading of fluorite as compared to the diamond powders. The 
fluorite fractions were made continuously, whereas when running the 
diamond powder several shutdowns of the machine were necessary 
The lack of reservoir capacity for the gelatin solution prevented over 
night operation and, therefore, the machine was shut down at night. 
However, in a commercial installation enough fluid capacity could be 
made available so as to avoid the necessity of fairly constant attend 
ance in order to maintain the supply of elutriator fluid. As a result of 
these shutdowns there was some flocculation of the diamond powder. 
Also it is believed that the diamond powder requires longer and more 
intense stirring to break up aggregations. 


IV. DISCUSSION 
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Other methods that might be used for the size grading of diamond 
powders include the British centrifuge method and air elutriation. 

The first of these methods is described in a British report:’? No 
work was done at the Bureau in sizing powder by this method, but 
the powders so produced have been examined and found to be quite 
uniform in size. Between 1939 and 1941 they were the best to be had 
in this country. For large-scale production the method is believed 
to have certain disadvantages—the time required for centrifuging 
under constant attention of an operator tends to make the process 
uneconomical. There is often difficulty in controling the time of 
centrifuging, especially for larger sizes. The equipment and supplies 
are relatively expensive. On the other hand, this is a simple process 
that does good grading. ; 

The air elutriator offers no distinct advantages over the liquid 
apparatus, except that the finished product requires no cleaning. 
However, air elutriation equipment is commercially available and has 
been used on diamond powder and other products.** It was not tried 


irades 1, 

? Report 7821, Research Laboratories of the General Electric Co., Ltd. (1941). epphire bea 

+P. 8. Roller and P. V. Roundy, Jr., Surface area of portland Cement—Symposium on new methods for ‘United § 

particle size determination in the subsieve range. Am. Soc. Testing Materials (1941). meessarily fi 

4‘ P. S. Roller, Measurement of particle size with an acurate air analyser, Proc. Am. Soc. Testing M tents of tha 
terials $2, pt. II, 607 (1932). mata 


_. 
‘ 


Commer 





Size Grading of Diamond Powder 477 





TUNE this investigation because the equipment was not available at the 
r Ww qme. 
700 This work has indicated that the Cooke elutriator is very well 


AV@Moited for the size grading of diamond powder. It requires little 
yention as compared to other methods. 

size Probably the most economical way to operate the Cooke machine 
enmercially would be in the form of a battery of five or more in 
yrallel. If the tanks were sufficiently large, it is evident that one 
ad tank and one main tank and pump could serve several elutriators. 
{so one motor and one speed reducer could drive the stirrers and 
titers of several machines. One large tank could receive the over- 
jw from several machines. 

The attention required by a battery of elutriators would be little 
pore than that for a single one. It was found that about 15 minutes 
sould be required to change cutters and receptacles for each fraction 
ora battery of five elutriators. Loading would take about 5 minutes 
»a machine, and cleaning out each machine after the last fraction 
ys been made would take about 5 minutes. 











V. COMMERCIAL STANDARD AND SPECIFICATION 


As a result of a part of this work, a Commercial Standard * was 


t off devised by the Bureau’s Division of Trade Standards. By conference 
ler, Myth producers and consumers, this was adjusted to meet the require- 
oremmnents of the trade and was finally adopted on March 6, 1945. The 


wes and grades as given in that standard are shown in table 5. 


TABLE 5.—Grade designation, grain size, and sieve numbers 











nd SET Pr 
| Grain size (microns) U. 8. Stand- 
| Grade desig- Pinker, ba ila __| ard Sieve 
’ ion 1 | be 
nation ! ; number 
No Minimum | Maximum | (through) ? 
but a —————E ——E—EEE———ee 
ite 1 0 2 ee 
ad | 2 1 | 3 S . cnuditdidmeats 
7 3 1 5 
red 1x 0 6 
. 6 4 s 
9g x 6 10 
ws 8X 4 12 
ol 14 s 20 
- 25 13 37 | 
eS 40 20 60 325 
= 60 35 85 230 
90 60 120 170 
| 120 | 80 160 120 
id 150 100 200 100 
4 180 120 240 | 80 
Las 250 150 350 60 
a 400 250 550 40 
eu Be 4 ne d = nd. | ee 
rades 1, 6, and 8 are narrow-range grades for exacting work in cutting and polishing fine diamond dies, 
: ppaire bearings, etc. Grades 3X and 8X are wide-range grades desired for some purposes. 
for _‘Vnited States Standard Sieve series. Sieve numbers are included for reference only. It does not 
messarily follow that powders passing the sieve indicated for a grade will meet the grain-size require- 
Mae Sents of that grade, nor that powders retained on the sieve necessarily fail to meet the grain-size require- 


=... 
mmercial Standard CS123-45, Grading of diamond powder (1945). 
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VI. SUMMARY 


Dilute gelatin solution was the best liquid of the 30 tried for gj 
persing and sedimenting diamond powder. 

Sieving was found to give a clean separation of the larger g 
fractions if the coarse fraction was washed in acetone after ; 
sieving. 

Direct settling gave size separation that was fairly good. 

The Cooke elutriator was found to be the most economical of ¢ 
methods tried for the size grading of diamond powder. 


This work was instigated and financed by the War Producti 
Board and the War Metallurgy Committee of the National Acade: 
of Sciences. The study was first published as War Producti 


Board Serial No. W-156. The prot 
WASHINGTON, January 31, 1946. PE, wit 
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CISION OF TELESCOPE POINTING FOR OUTDOOR 
TARGETS 


By Francis E. Washer and Helen Brubaker Williams 





ABSTRACT 


The probable error of a single pointing (PE,) is measured for a single telescope 
tha variety of targets. This investigation shows that, although some change 
PE, with distance does occur, the distribution of PE, as a function of distance 
usually be neglected and a value of 0.62 second assigned as a practical aver- 
. The values of PE, for an indoor target usually show a small variation from 
» experienced observer to another, and from right to left eye of the same ob- 
ver. There is also a measurable systematic difference in pointing between 
right eye and the left eye of the same observer. In outdoor pointing, a 
~-period error or drift is usually superposed upon the short-period errors. 
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I. INTRODUCTION 


When pointings are made with a telescope, the probable error of a 
igle setting is of interest. In this paper the error, associated with 
¢ optical characteristics of the problem, is discussed. The errors 
ment may be either accidental or systematic. The study of the 
dental errors is emphasized herein. These accidental errors 
% partly from the conditions prevailing along the optical path 
ui partly from limitations on the part of the observer. The former 
t greater in magnitude. In outdoor pointing, the image of the 
yet formed by the objective and seen through the ocular is constantly 
lating with respect to the cross hairs mounted in the focal plane 
the objective. Getting the cross hairs into apparent coincidence 
mh the image of the target formed by the objective and seen through 
‘ocular is, for the most part, a matter of deciding upon the mean 
ston of the image of the target and setting the cross hairs thereon. 
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Even when the image of the target appears stationary, an error da wlesc 


pointing still persists and is measurable. ndo0 

In the present work, the pointing errors for a given telescope hays tar 
been measured for a number of outdoor targets and an average ya) It i 
determined for the probable error of a single pointing. The figure ye Mm 
determined is of interest in that it is the limit of precision that cay f high 
attained in outdoor pointing under average daylight conditions anil that ¢ 


over a terrain that consists partly of park area and partly of ¢i 
residential and business sections. When, therefore, measuremey 
are being made, under similar conditions, that involve pointiy Th 
accuracy, it is profitless¥to ‘attempt, [by ‘further ‘refinement of {| ' 


equipment, to better the precision if this limit has already be. ” : 
reached. For outdoor pointing, the average value of the probab on 
error of a single setting found here is 0.62 second. The : 

It is the purpose of this paper to present a concise account of 
experimental results. A more detailed account, including a bibliogil;,,,. 


raphy and summary of previous work, is being published elsewhere: 
II. APPARATUS AND METHOD OF MEASUREMENT 


The apparatus consists of a telescope from a surveying level wit 
an effective aperture of 39 millimeters and a magnification of #j— 
diameters, and a means of varying the pointing without disturbiy 
the telescope. This is accomplished by a weak prism, placed in fro: 
of the telescope objective, capable of rotation about its axis. Ast 
deviation of a parallel beam of light caused by a prism is a functior 
the angle of incidence, the image of the target can be made to mor 
with respect to the telescope cross hairs by rotating the prism. 

Observations are made in groups of 10 and the probable error of 
single pointing is determined from these data. Five 10-groups a 
usually taken in succession to constitute a single run. The tots 
error of calibration is kept under 2 percent, and the least reading 
seconds of the instrument is less than one-fifth the magnitude of t! 
least probable error of a single pointing. The tees om error of 
single pointing, PE,, measured in seconds, is computed from | 
approximate formula 


















0.8453k 

PE,=—S=— r It is 

: In a1) a0 not 
Furthe 
the gr 
second 
ences | 
when 
betwee 
4700 « 





where n is the number of observations, >5r is the sum of the residual 
and k is the calibration constant of the prism. 


III. RESULTS OF MEASUREMENT 
1, INDOOR TARGET 


Although the main purpose of the present work is the determinatio 
of PE, for outdoor targets, the PE, for the given telescope was i 
measured with an indoor target. Thus when, as is later found, t 


PE, for an outdoor target is greater than the value obtained with: In t 
indoor target, one can be sure that the limit on PE, is being placed} pender 
the conditions of outdoor pointing and not by limitations of tig ®sign 

decaus 


! F. E. Washer and H. B. Williams, J. Opt. Soc. Am. 36 (June, 1946). 


[Tor 
e hay 
» Vall 
rure § 
can 

nS an 
of cit 
omen 
vintin 
of tl 
r bee 


obab 


of tl 
iblio 
here,§ 


NT 


| y it 
of 3 

urbin 

n frox 

As tf 

tior 

) MOV 


or of 
ps al 


. Tor 
ling 
of th 
Tr of 


n 


id 1al 





Precision of Telescope Pointing 481 


wescope itself. Accordingly, the experiment was first performed 
doors With a vertical wire mounted i in the focal plane of a collimator 
ys target. 
it is found that, for the conditions under which these measurements 
ye made, the accuracy of pointing is not affected by aperture or color 
li ght and that the value, PE,=0.25 second, is the optimum value 
tcan be expected for indoor pointing with this instrument. 


Lat 


2. OUTDOOR TARGETS 


The outdoor test objects consist of a number of distant targets 
hat are readily discernible from the laboratory. Several series of 
observations were made on each target. In most cases, measurements 
vere made independently by two observers identified as W and B. 
The results of measurement are assembled in table 1 


iu 


Tuste 1.—Probable error of a single pointing for each of two observers with distant 






































targets 
=— eee —— —s : — Zz —— ee 
Observer W Observer B | Average 
Target Rae ee" osaate a Beet ———— 
PE, N PE, N | PE, N 
| 

m sec sec sec 
Colimator seene 2 0. 25 | aaa eee 0. 25 600 
eee 0. 45 50 45 50 
Tider ocho 323 46 100 .42 150 44 250 
Sedgwick dpeoemnucgeusa 445 36 200 - 50 200 .43 400 
Dt... o.ccacheentunemams oy eee ee . 57 300 . 57 300 
i 2 ae 905 .61 300 44 100 . 57 400 
Kling 1,153 60 200 . 57 100 . 59 300 
1, 399 . 58 300 . 58 200 . 58 500 
M 2, 722 51 150 . 52 100 . 51 250 
SS RIE. 7 MS ee ee © 7 200 . 73 200 
3, 080 . %% 600 . 67 200 .73 800 
4, 505 90 50 72 50 81 100 
widbbitl 4,779 . 66 500 71 150 . 67 650 
5, 553 . 65 a as - 65 200 
7, 554 .92 100 . 69 100 . 80 200 
aweee 13, 624 | . 86 5O .97 | 50 .92 100 
ye Mere eT) er) 0. 60 | 1, 950 | 0. 62 4, 700 


lt is evident from table 1 that the values of PE, for a given target 
donot differ greatly from one observer to the other when n is large. 
futhermore, assuming that any effect of distance can be neglected, 
the grand average of 2,750 observations by W differs by only 0.04 
«cond from the grand average of 1,950 observations by B. The differ- 
mces between the PE, values for the two observers on a given target 
when n is small are no greater than those that sometimes occur 
ietween successive groups for a single observer. The average PE, for 
4700 observations by two observers is 0.62 second. 


3. EFFECT OF DISTANCE 


In the preceding section it has been assumed that PE, is inde- 
pendent of the distance separating observer and target and a value 
«signed to it on that basis. This procedure is justified practically 
ecause of the seemingly random scattering of the PE, values with 
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respect to distance. Also, so many variables enter into pointing 
accuracy that the effect of distance is screened by the greater influeng * 
of other factors that are not subject to conta, such as state of the 
weather and conditions of visibility. 

Notwithstanding these handicaps, least squares solutions wer 
made on the basis of several assumptions. The solution that appears 
most satisfactory is 


PE,=0.064d?+0.19, 


where d is the distance separating target and observer. In figure |. 
the values of PE, predicted by equation 2 are plotted as a function of 
distance. The observed values of PE, are shown as circles. It jg 
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Figure 1.—Probable error in a single pointing (PE,) versus distance. 


The points indicate observed values. The solid curve is the relation computed from the formula PI, 
0.06444 +0.19. 


evident that on the whole there is fairly good agreement. In contem 
plating the points of disagreement, it may be mentioned that ther 
may not have been enough variation in the viewing conditions ' 
bring about a truly average value for each target. 


4. CONSISTENCY 


It was early noted that, when a set of 50 observations, comprisil 
five 10-groups, is made, the mean values of deviations in the line i ,., 
sight for the various 10-groups in a 50-set are not consistent. | 


other words, the means of the 10-groups appeared to drift or oscillaté 
as if a long slow period of change was superposed on the short-per 
changes that occur in a 10-group. For example, such a change oa 
be introduced by variation in - horizontal air-temperature — 
perpendicular to the line of sig To test for the existence of suc 
a long-period error, each of he 1e ye 10-group means in a 50-set 
treated as a single observation, and the probable error, C, of such 
single mean is computed from the formula 


0.8453 . 
“Yaa . 
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olNting 
fluence 
Of the 


the distribution of the observations contained in the 50-set is normal 
then the value of C should be approximately equal to the average 
sobable error of the mean, PE,, for the five 10-groups, which is 
8 were obtained from the formula 
peared atti 
PE, =! * (4) 
? ¥ 10 


gure LMithe values of PE,, and C for some of the targets are given in table 2, 
rhe where, however, these data are averaged for a number of 50-sets. 

‘ SHBvslues are also listed of the difference C—PEq to facilitate compari- 
on. If no long-period error is present, the values of C—PE,, ought 





























- : 
0 be relatively small, and the average over all the targets ought to 
be approximately zero. However, the table shows that C is greater 
' | Bihan PE, in all cases for observer B and in 10 out of 12 cases for obser- 
vr W. Therefore, it may be stated that a long-period error does 
waist. For observer W, the average value of C—PE,, is 0.08 second, 
ad for observer B, the value is 0.36 second. 
T\sLe 2.—Consistency of observations for each of two observers with distant targets 
Observer W Observer B 
—— Target Range 
PR, | PEa| C |C-Pke| PR | PE C |t-PE. 
oe. m sec sec sec sec sec sec sec sec 
nula PE, dio | ee ee See eee 0. 45 0. 14 0. 86 0.72 
) en 323 0. 49 0. 15 0.14 —0. 01 42 13 - 62 -2 
; 445 36 il 16 05 50 16 -63 .47 
jadmoor yp MRS BN Me, ER Ae . 57 18 .70 . 52 
—_ Teos-cines 905 62 2 | .29 09 44 4 60 36 
‘t thera .-.-| 1, 153 62 20 30 .10 87 18 42 m 
; wank 1, 309 55 17 31 -l4 58 18 42 24 
10ns t ha) 2, 722 51 16 16 . 00 52 16 -21 . 05 
a a a ae en eee 73 2 . 59 - % 
3, 080 75 24 34 - 10 67 21 . 63 42 
rd 4, 504 90 - 28 30 . 02 .72 23 45 22 
4,779 67 21 -42 -21 .71 22 53 31 
5, 533 65 -21 .40 ~ een PSs 2 
npiais 7, 554 92 . 29 .31 -02 69 22 54 32 
\prisit 13, 624 86 27 37 eas fees Tee GY TT eee 
’ 10 0 
lin | Average ....} oo... 0.66] a2] a2| a0] oss} O18) a85 0. 36 
nb. 





























yscillatg 
'-perioG@a The quantity C—PE£,, is very much greater for observer B than for 
e woul@oserver W, and as the values of PE, are closely comparable,for both, 
radius indicates the presence of yet another error.in addition tofdrift. 
of sudiMn seeking an explanation for,this large difference between observers 
0-set and B, it was recalled that observer B used the left and right eyes 
such Sor alternate 10-groups in a 50-set, whereas observer W used the right 
yveonly. At the time this practice was initiated it was believed that 
0 difference should arise therefrom. However, on analyzing the 
werages of the means for right and left eyes, a systematic difference 
the direction of pointing for right and left eyes appears to be 
ieinitely present for observer B. This difference, which is designated 


cs 
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OD—OS, although showing some difference from one 50-set to anothe 
is generally positive. It may be mentioned that systematic differen, 
between the settings made by the right and left eye are evident ; 
tables of data shown in a paper by Labitzke,? which deals with hisep 
tion errors. On the basis of Labitzke’s work, it appears that th 
average of settings made by either eye is likely to show a systemat 
error but that the magnitude is not the same for each eye, thus , 
OD—OS value exists for each individual, although it is improba} 
that the value will be the same for all individuals. 


5. OBSERVER DIFFERENCES WITH AN INDOOR TARGET 


Having noted the pointing differences for the right and the left ey 
with outdoor targets in the case of observer B, it seemed worth whl 
to investigate this matter further by using the indoor target to elimi 
nate the uncertainty arising from the long air column present with th 
outdoor target. A series of observations was made by each of si 
observers * at various apertures of the viewing telescope, ranging fro 
the full aperture of 39 millimeters to an aperture of 6.8 millimeter 
Whereas the outdoor observations by observer B usually had thre 
10-groups of left-eye pointing to two 10-groups of right-eye pointin: 
the indoor work involved an equal number of 10-groups for each eye 
Accordingly, each observer made at least 60 observations in groups: 
10, alternating the use of the right and the left eye. 


ww crcr ows 


(a) PROBABLE ERROR OF A SINGLE POINTING 


oc 


The values of PE, for the six observers are shown in figure ‘ 
PEop and PEgg are the probable errors of single pointings with righ 
and left eyes, respectively, and PE, is the average for the two ey: 
It may be noted in figure 2 that there is usually a difference betwee 
the two eyes in the magnitude of the probable error of a single pointim 
Whether this difference is sufficiently great to be significant in mo 
cases is problematical, as the average departure of PEop or P 
from PE, for all observations shown is 8.5 percent. However, it seen 
reasonable that each eye should be considered as a separate individu 
and, on this assumption, perhaps some significance may be attache 
to this difference. In any event, it is interesting to note that t 
lowest PE, is not always obtained with the eye most generally use 
for observing by each individual. For example, although observe 
C and W, who normally observe with their left and right eye, respe 
tively, do have lower probable errors for those eyes, observer 
who generally observes with the left eye, and observers T, EB, and 
who normally use the right eye, all have a little greater error at m¢ 
apertures when observing with the eye normally used. 

It should be pointed out that observers E and F, whose proba) 
errors range much higher than those of other observers and wh 
differences in probable error for the right and the left eye are m0 

ronounced, were at this time very inexperienced. Observers | 

, B, and C, the most experienced, have generally the lowest al 
least erratic probable errors. These patterns, then, of individu 

2 P. Labitzke, Untersuchung uber psychologisch—und physiologische Bisektionsfebler, Z. Instrumen'e 
44, 61 and 165 (1924). 


3 The four additional observers cooperating in this work were L. W. Tilton, T; F. A. Case, C;E 
Samuels, E; and F .C. Samuels, F. 
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otherimmalerences iD observation are good evidence that experience is con- 
ive tO precision in pointing. 

nt j In the upper graph of figure 3, the probable errors of a single ob- 
hiseolmervation of pointing made with right and left eyes are averaged for 
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Values of PE, for right-eye pointing are marked © and those for left eye pointing are marked X. 


ch individual. Here may be seen more strikingly the difference in 
te magnitude of the probable error between the more experienced 
td the inexperienced observers. For each observer the probable 
neuter tends to decrease slightly when the aperture is decreased from 
?to 27.5 millimeters. Then the probable error begins to increase 
dually as the aperture is decreased progressively from 27.5 to 6.8 






















486 Journal of Research of the National Bureau of Standards 


millimeters. This decrease in probable error followed by an increg; 
when the aperture is stopped down progressively was also found } 
Tilton ‘ in his investigation of pointing accuracy in connection y; 
prism size in minimum deviation refractometry. The lower gray 
of figure 3, in which the probable errors at each aperture are averagg 
for the four more experienced observers, shows this gradual incre 
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APERTURE IN MILLIMETERS 


Ficure 3.—Probable error My single pointing (PE,) versus aperture of mew 
telescope (right- and left-eye observations averaged). 


The upper graph shows the observer differences in probable error; the lower illustrates the av 
probable error of the experienced observers, W, T, C, and B. 


in probable error as a function of aperture. Although the decreas 
in aperture may have some effect on wes Pg. the probable e 
it is possible that this effect may be caused by the decrease in illum 
nation or in contrast. 


(b) POINTING DIFFERENCES 


Successive 10-groups of observations were made with right and 
eyes alternately, and it was found that the mean of the 10-group se 
tings for the right eye differed from the mean of the 10-group sett 
for the left eye; that is, the observers tended to point more to one i 
of the target with one eye than with the other. These eye differenct 


‘ L. W. Tilton, Prism size and orientation in minimum deviation refractometry, BS J. Research & 
(1931) RP262, 
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tabulated under the column OD—OS in table 3 for each observer. 
and M; are the probable errors of the mean for right and left eye, 
gectively. 2 is the probable error of the difference in the means 
rright and left eyes. It may be seen in table 3 that in 28 out of 34 
tances, the values of OD—OS are greater than R; moreover, the 
ye of OD—OS ranges from 1 to 17 times as great as R, and in 12 
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APERTURE IN MILLIMETERS 


ourE 4.—Right- and left-eye differences (OD—OS) in pointing as a function of 
aperture for individual observers. 


tances is 4 or more times greater than R, which indicates definitely 
t there is a real difference between the settings made with the right 
yeand the left eye. There is no attempt here to explain the cause 
this difference but merely to give evidence thereof. Figure 4 il- 
trates values of OD—OS for each observer. It is interesting to 
te that observer T has all negative values for the differences and 
rvers E and F have predominately negative, whereas observer W 
ws all positive values, and observers B and C have a majority of posi- 
€ Values. 
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TABLE 3.—I ndividual eye differences in pointing and their probable errors 
































| Observer | apertare Mp Ms | R | OD-08 
mm sec sec sec ec 
39.0 +0. 03 +0. 04 +0. 05 0. 61 
27.5 . 04 . 06 .07 1.09 
n 21.4 09 .12 .14 1. 26 
\} 15.0 . 05 .05 07 —0. 01 
i} 10.0 .04 O48 | .06 —.08 
6.8 04 .05 | .07 —. 4 
39.0 .04 04 . 05 15 
27.5 . 05 . 05 08 22 
err aaa 4 21.4 . 05 . 05 .07 41 
15.0 06 07 09 2B 
6.8 . 08 09 .12 .06 
39.0 06 .05 09 —. 57 
27.5 .06 . 06 09 —.% 
T 21.4 . 08 . 06 .10 —.2 
15.0 .07 . 08 .10 -.u4 
10.0 .10 09 13 -1.2 
6.8 .13 12 18 —0. 88 
39.0 | .08 . 06 10 | —.16 
27.5 . . 06 -10 | .03 
Cc 15.0 | .10 .09 13 30 
10.0 | . 09 . 08 12 | —.35 
| 6.3 | . 08 .10 13 | 17 
lr 30.0 | 10 atl 18 | =1.13 
27.5 | 17 14 ‘22 0. 08 
E 21.4 31 2 42 | —1.15 
16.0 | 2 .17 . 32 | —-1.2 
10.0 16 . 22 .27 —1. 40 
6.8 | 17 17 24 0. 25 
lf 39.0 ll .10 15 —.43 
27.5 .10 .08 | .13 —. 3 
, 21.4 (17 "10 | :20 =—.77 
15.0 .18 16 | 24 —.% 
10.0 22 21 | .31 —.35 
| 6.8 2B 17 . 33 25 





WasHincTon, March 29, 1946. 





